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Introduction  
 
 
INTRODUCTION 
 
 
 
 
 
The Central Asian mountain belt forms the world’s largest intracontinental mountain chain, 
stretching over a distance of more than 5000 km north of the Himalayan-Tibetan deformation zone, 
from the Pamir mountains in the western part to the Sea of Okhotsk in East Siberia. It includes a.o. 
the Pamir mountains, the Tien Shan mountains, the Altai-Sayan mountains, the Baikal Rift Zone and 
the Stanovoy mountains. The entire region is currently subjected to widespread active deformation, 
resulting in processes of intracontinental mountain building and basin formation. The whole area is 
known as the Central Asian Deformation Zone (CADZ). 
 
It was only after the introduction of the theory of plate tectonics in the 1970’s that the driving forces 
that are responsible for the development of the CADZ were identified. In the light of this new 
geodynamic view, it was recognized that the continent-continent collision of India and Eurasia in the 
Early Cenozoic and particularly the ongoing indentation of India into the Eurasian plate, were 
responsible for the active tectonic processes observed in the CADZ. It was envisaged that the strain 
and stress build-up at the collision zone due to continuing convergence was in part released as 
movements and deformation along inherited zones of lithospheric weakness far into the interior of 
Eurasia. 
 
These pre-existing zones of lithospheric weakness are represented by older sutures and structures, 
mainly strike-slip fault zones, which carve up the intricate blocky-mosaic tectonic architecture of the 
Central Asian and South Siberian basement. The basement of the CADZ was mainly formed in the 
Palaeozoic as the result of a complex accretionary history. During much of the Palaeozoic era the 
Siberian craton acted as the continental core around which many tectonic units of various type and 
dimension assembled. The tectonic units docked with the growing orogenic rim of Siberia along the 
sutures and structures that are reactivated at present. In this way, a vast mobile belt running through 
the entire area was formed. Besides the accretion of these tectonic units, the continental growth was 
further achieved through intrusion of large volumes of crustal magma. In the Mesozoic, accretion 
continued primarily on the southern rims of Eurasia and acted as a precursor to the huge collision of 
India and Eurasia during or soon after the Meso-Cenozoic transition. 
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It is the aim of this study to contribute to the understanding and knowledge of the tectonic evolution 
of the CADZ both with respect to its Mesozoic accretionary history as to its Cenozoic and present 
reactivation. It is important to quantify and constrain the movements of the various units composing 
the CADZ both in space and in time. The strain partitioning in the heterogenous and anisotropic 
Central Asian crust induced a variety of movements and deformation styles. The tectonic regimes 
range from pure extension, as is in the Baikal Rift Zone, to transpression in the Altai-Sayan and Tien 
Shan mountains. Transpressional mountain belts are a striking characteristic of intracontinental 
deformation. Study of the transpressional Altai-Sayan and Tien Shan mountains within the CADZ 
hence not only has an important regional geological and geodynamic significance, but equally 
augments our understanding of intracontinental deformation in general. 
 
A transpressional process is defined by both convergent and lateral horizontal movements as well as 
by vertical movements. This study focusses on the age, rate and magnitude of the vertical tectonic 
movements within two major units of the CADZ: the Altai-Sayan mountain belt in South Siberia and 
the Tien Shan mountain belt in Kyrgyzstan. Low-temperature thermochronological techniques are the 
most suitable tools for investigating these issues. Low-temperature thermochronology relies on both 
chronological and thermal information contained in mineral-specific isotopic systems. The apatite 
fission-track (AFT) method is one of the most succesful and most widely applied low-temperature 
thermochronological techniques. Owing to its radiometric dating potential and its specific closure 
temperature, the AFT system is able to record rock movements in the top 4 km of the earth’s crust 
relative to the vertical structure and position of the isotherms in the crust, and that within an absolute 
time frame. The number of fission tracks contained in an apatite sample yields its AFT age, while the 
length of the tracks are a measure for the thermal information registered in the AFT system. 
Combining both data sets, AFT thermal history modelling for the Altai-Sayan and Tien Shan 
mountain belts was carried out. 
 
In the first chapter of this work the AFT method is outlined in some detail. The basic principles of the 
method are discussed in a historical perspective and extensive literature references are provided. 
Furthermore chapter one provides insight in more recent methodological developments and includes 
the derivation of the fundamental age equations used to calculate AFT ages. 
 
The second chapter deals with the thermal stability of fission tracks and the thermal annealing 
models for fission tracks in apatite. Again, the basic principles are outlined in a historical perspective 
and an attempt is made to elucidate the range of models that are available today. The main aim of this 
chapter is to explain the reader how thermal information is derived from AFT length analysis and 
how this information can be interpreted in a geological and tectonic context. 
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In the third chapter attention is directed toward the important aspect of calibration of the AFT 
method. In this work both the absolute and the so-called zeta (ζ) calibration approach were used. 
Results of the applied calibration procedures are presented. This includes an extensive data set of 
apatite age standard analysis performed during our study of the Central Asian and Siberian apatites. 
 
In chapter four, the geological and geodynamic setting of the Altai-Sayan and the Tien Shan 
mountains is discussed within the broader setting of the CADZ. Chapter five focusses on the study 
areas in more detail and elaborates on the fieldwork and sampling of the apatites used in this work. 
 
Finally, in chapter six we present our AFT data and the thermal histories that we have modelled from 
the AFT data for the Altai-Sayan and Tien Shan mountains. The data and models are discussed and 
interpreted within the tectonic framework outlined in chapters four and five. We arrive to an overall 
thermo-tectonic model for both study areas. These models are also compared to each other and to 
studies performed by other authors in the region. In chapter 7 our general conclusions are 
summarized. 
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Chapter 1: The Apatite Fission Track dating method 
 
CHAPTER 1 
 
THE APATITE FISSION TRACK DATING METHOD 
 
 
 
 
1.1. Fission tracks: Definition, structure and formation 
 
Radioactive isotopes are characterized by an energetically unstable atomic nucleus. In order to attain 
a more favourable energetic state the nucleus will disintegrate into a stable daughter atom by emitting 
one or more of its nuclear particles. This is what we call radioactive decay. A very specific mode of 
nuclear disintegration is fission. In this nuclear reaction the nucleus splits into two daughter 
fragments that are usually unstable and disintegrate further to stable isobars by β-emission. Fission 
only occurs with heavy nuclides (atomic number Z ≥ 90 and atomic mass A ≥ 230). The reaction is 
generally binary and asymmetric, implying that the fissioning nucleus splits into two dissimilar 
(unequal mass and atomic number) fragments. Nuclear fission can occur spontaneously due to the 
existing instability within the nucleus itself, or it can occur when the nucleus is irradiated or 
bombarded with certain subatomic particles. Each fission reaction also produces several neutrons and 
a large amount of energy (~200 MeV). A significant portion of that energy (~170 MeV) appears as 
kinetic energy of the fission fragments. As they both carry a strong positive charge, the repulsive 
Coulomb force propels the fragments in opposite directions with high velocity. This velocity exceeds 
the orbital speed of the electrons, and the particle is launched through the medium as a nucleus 
partially stripped of its orbital electrons. When a fissioning nuclide (e.g. 238U) is embedded in a solid 
(the detector), for example as a trace element in a crystal lattice, the fission fragments create a 
narrow trail of damage along their trajectories. This damage trail is called the Fission Track (FT). In 
the core of the track the crystal lattice is completely destroyed and altered into an amorphous state 
(the so-called thermal spike model, e.g. Toulemonde et al., 2000), although the classical model for 
fission track formation (the ion explosion spike model, see further) describes the fission track as an 
evacuated core zone (Fleischer et al., 1975). According to most models, the fission track is 
essentially a continuous structure, although alternative (discontinuous structure) models (the so-
called gap model or Orsay model, e.g. Dartyge et al., 1981) have been proposed. The simplified 
formation model of latent fission tracks, known as the ion explosion spike theory (Fleischer et al., 
1975), states that the charged fission fragments induce ionization along their path in a dielectric solid, 
creating an array of positive lattice ions which expel one another in interstitial positions, and leaving 
a set of lattice vacancies. The consequential lattice stress is smoothed out by elastic relaxation (figure 
1.1). Although this theory is at present strongly debated by physicists, it is still widely used in general 
papers and textbooks on the FT-dating method (e.g. Wagner and Van den haute, 1992). As a general 
comment, the Wagner and Van den haute (1992) textbook Fission-Track Dating was used as a 
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general reference. For more details concerning specific topics discussed in this chapter, the reader is 
referred to this work and references therein. 
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Figure 1.1: Simplified scheme for the formation of a fission track according to the ion explosion spike theory
(after Fleischer at al., 1975). A 238U nucleus fissions, projecting two high-energy fission fragments through
the lattice. Ionization, Coulomb explosion and subsequent elastic relaxation create a permanent trail of lattice
damage, the fission track, along the linear trajectory of each of the fission fragments. itial velocity of a fission fragment is a function of its kinetic energy, inherited from the fission 
n. As the fragment is propelled through the detector, its energy and thus its velocity decreases 
eractions with the solid medium. The energy loss, or the linear energy transfer along the 
ory (-dE/dx) is termed the stopping power of the medium. The distance travelled by the fission 
nt is the range. The range vectors of both fission fragments meet in the original lattice site of 
rental nuclide and form one linear trail. 
ding on the energy of the fission fragments and the type of detector, a FT reaches lengths from 
an 1 µm to several mm. In general, the FT width is a few nm and hence it is submicroscopic. 
 track, invisible under an optical microscope, is called a latent track. Latent tracks can only be 
ed using high-resolution electron microscopy (figure 1.2). However, as is the case for any 
 defect, a FT forms a site for preferential attack by a chemical etchant. Etching of a latent FT 
 suitable chemical etchant for an appropriate time and at a selected temperature reveals the 
or observation with an optical microscope. 
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Table 1.1: Abundances and half-lives of the natural isotopes exhibiting spontaneous 
fission (from Wagner & Van den haute, 1992). * Geochemical average. 
 
Isotope Relative abundance 
(compared to 238U) 
Total T1/2 (in a) Spontaneous 
fission T1/2 (in a) 
232Th 4* 1.40 × 1010 1.0 × 1021 
234U 5.44 × 10-5 2.46 × 105 1.5 × 1016 
235U 7.25 × 10-3 7.04 × 108 1.0 × 1019 
238U 1 4.47 × 109 8.2 × 1015 
 
 
Natural fission tracks in minerals in the earth’s crust are terrestrial and not cosmogenic in origin 
(Fleisher et al., 1975). Naturally induced fission occurred in rare cases and under extraordinary 
conditions (in the Oklo uranium ore deposits in Gabon; e.g. Loss et al., 1988). Hence, it is fair to 
state that fission tracks detected in minerals are entirely the result of spontaneous fission processes. 
From table 1.1 it can furthermore be deduced that nearly all FTs observed in minerals are the result 
of fission of 238U. The other natural isotopes displaying spontaneous fission have too low abundances 
or too long half-lives to produce significant quantities of FTs compared to 238U. 
 
50 nm
 
 Figure 1.2: A latent fission track in Durango apatite as observed with high-
resolution transmission electron microscopy (Wang et al., 1999).  
 
Depending on the uranium content of the sample and the thermal stability of the tracks in the 
investigated material (see next chapter), it is possible to date geological samples of hundreds of 
millions of years old up to archeological glasses stemming from recent human history. The 
applicability of the method is limited by the product of the U-content (U) of the sample on one hand 
and its age (t) on the other hand. The FT method is not applicable when this product is too low. A too 
low track density is the result and thus is first of all very time consuming to count, and secondly, the 
uncertainty margin is too broad. On the other hand, when the t × U value is too high, the method is 
also unusable as tracks are not sufficiently resolvable under the microscope (due to overlap). For 
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rapid and efficient counting of tracks in apatite, densities between 105 and 107 tracks/cm2 are required 
(figure 1.3). 
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Figure 1.3: Applicable time-span of the FT dating method as a function of the sample’s uranium content (after Wagner and 
Van den haute, 1992). 
 
 
1.2. Fission track revelation 
 
1.2.1. Surface tracks 
 
In order to observe FTs with an optical microscope, so-called revelation methods have been 
developed. The chemical etching technique is by far the most widely used revelation method in FT 
dating. The mineral is treated with a chemical etchant that attacks the mineral surface on one hand 
and crystal defects on the other. A FT is a lattice defect and is hence a preferential site for chemical 
etching. In particular the track diameter will be widened to an extent that eventually the track 
becomes observable with an optical microscope. Because of the non-etchability of the track ends, the 
etchant is generally not capable of revealing the entire range of a fission fragment. Consequently the 
etchable length of a FT is shorter than the combined range of the two fission fragments. This is called 
the range deficit (Fleischer et al., 1975) (figure 1.4). 
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Etched FTs in crystals have complex shapes due to the anisotropic character of the detector. In 
general, the etching rate along the track (Vt) is much larger than the bulk etching rate (Vb) of the 
undamaged detector surface. As a consequence, etched FTs exhibit a needle-like appearance. Radial 
enlargement of the track channel causes the track to become revealed. At the surface/track interface 
of some crystal surfaces the etching process creates an etch pit or opening with a characteristic 
geometry, that reflects the crystal symmetry and the crystallographic orientation of the etched 
surface. In this case the etched FT has a funnel shape. It is however the channel that remains the true 
diagnostic part of the track. In addition, the composition and concentration of the etchant has an 
influence on the shape and appearance of an etched FT. 
 
[dE/dx]
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Etchable Range: Re Range
Deficit
Range of the latent track: Rl
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 igure 1.4: Schematic illustration of the energy loss (dE/dx) along the 
rajectory of a fission fragment through a solid medium. The detector-specific 
egistration threshold defines the etchable range (Re) of the fission track. The 
ifference between the true range of the latent fission track (Rl) and Re is the 
ange deficit. Due to this range deficit for a specific detector, the ends of a 
atent fission track cannot be revealed (from Jonckheere, 1995). ks in apatite 
 on an apatite FT (AFT) investigation in Central Asia. It is therefore logical to 
on in the following sections on the specific case of fission tracks in apatite. 
spects of the FT dating method will be dealt with in a general fashion. The 
a5(PO4)3(F, Cl, OH) is the most common mineral used in FT analyses and hence 
ehaviour as a FT chronometer are the best studied. Fluorapatite is by far the most 
r of the isomorphous apatite solid solution series (Deer et al., 1962; McConnell, 
 common accessory mineral in numerous rock types (in general from 0.1 to 1 % in 
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most acidic igneous rocks) with the important exception of calcareous sediments. Uranium is a 
common trace element in the apatite lattice where it replaces Ca (in the order of 1 to 100 ppm), and 
FTs are fairly easily revealed (nitric acid solution at room temperature). It has become a valuable 
geothermochronometer in the study of thermotectonic history of rocks based on the low thermal 
stability of FTs in apatite. Other minerals, such as zircon and sphene and natural glasses are also 
commonly used in FT analysis. The first AFT ages were reported by Fleischer and Price (1964), 
Naeser (1967) and Wagner (1968). 
 
 
Figure 1.5: Etched spontaneous fission tracks in apatite (magnification
1250×). Etching conditions: 2.5% HNO3 at 20°C for 70 seconds. 
 
 
 
Latent FT diameters in apatite are 5 to 10 nm (Paul and Fitzgerald, 1992), while the observed length 
of an etched induced track in apatite is 16 µm on average (e.g. Green, 1980; Gleadow et al., 1986). 
However, based on theoretical assumptions Jonckheere (1995) calculated that the length of latent 
induced tracks in apatite may amount to 20 µm. For AFT revelation, HNO3 is used as an etchant. 
Depending on the HNO3 concentration (from 0.5 to 65%) apatite is etched within 10 to 80 seconds, 
generally at temperatures of 20-30°C. An example of etched FTs in apatite is presented in figure 1.5. 
Figure 1.6 shows hexagonal etch pits of the FTs on a basal [0001] apatite surface. 
 
Track revelation characteristics in apatite (Durango) were studied extensively by Jonckheere and Van 
den haute (1996). These authors identified three types of etched internal surfaces. These are P-type 
(Pitted), S-type (Smooth) and T-type (Textured) surfaces. P-type surfaces, after acquiring an initial 
roughness, grow smoother with etching time. S-type surfaces remain smooth for long etching times, 
while T-type surfaces develop a progressively coarser texture. It was found that internal 
crystallographic sections parallel to {0001} and {11 2 1} correspond to P-type, {1010} and {1011} 
to T-type, and {11 2 0} to S-type surfaces. In P-type {0001} surfaces, and also in some S-type 
surfaces, FTs exhibit a funnel shape with hexagonal etch pit opening and needle-like track channel. 
In these surfaces, lattice defects other than FTs are easily revealed during etching. This is not the case 
in S- and T-type surfaces, where tracks are simple channels.  The bulk etching velocity perpendicular 
to the surface increases from P-, to S-, to T-type surfaces.  FT densities were found to be more or less 
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equal in all surface types near the limit of track revelation, but with prolonged etching times, FT 
density decreased in P-type surfaces, increased in S-type surfaces, while remaining constant for T-
type surfaces. 
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 igure 1.6: Typical funnel shape of etched fission tracks on the basal plane (parallel to the c-
xis) in apatite. The hexagonal crystal symmetry of apatite is clearly reflected by the shape of
he etch pits. The channel is the diagnostic part of the fission track, flat bottomed pits represent
racks that are completely etched through. Etching conditions: 4N HNO3 at 25°C for 60 seconds
from Wagner and Van den haute, 1992).  (Vb-Vt)-model for FT revelation (see section 1.2.1) fails to explain these revelation 
ics and track geometries as found for apatite by Jonckheere and Van den haute (1996). 
rs propose a model based on the concept of radial shift velocity (Vr), which is a property 
pic surfaces and is represented by a vector normal to the surface, equal in magnitude to 
translation during dissolution. This translation involves the plane surface as a whole, 
 Vb. In this way a (Vr-Vt)-model takes the crystallographic orientation of the etched 
 account and is able to predict the complex FT geometries in an anisotropic detector such 
The authors further showed that the etching efficiency (η, see next section) cannot be 
s a function of the etching velocities. Also, they introduce the q factor or the observation 
nding on FT analyst, FT observation and identification (also see next section). They unite 
and observation characteristics, as they mutually influence one and other, into a combined 
ng efficiency, or ηq-factor. 
11
Chapter 1: The Apatite Fission Track dating method 
1.2.3. Areal and spatial track densities 
 
The areal density of surface intersecting tracks (ρ; tracks/cm2) stands in relation with the spatial 
density of latent tracks (tracks/cm3 = Nf) and thus of fissioned atoms in a unit volume of the apatite 
detector. The mathematical relationship between Nf and ρ has been derived by Fleischer et al., (1975) 
(figure 1.7). They assumed that U is distributed in a homogeneous fashion in the detector, that there 
does not exist a preferential track orientation and that track length is constant. A fissioning nuclide in 
position O (see figure 1.7) creates a latent track of length l = 2Rl (Rl represents the average range of a 
fission fragment in the investigated detector). The l = 2Rl relationship is actually a simplification 
because fission is generally asymmetric and hence the two fission fragments have a different mass 
and velocity, which results in different ranges. But when adopting the l = 2Rl relationship, the track 
defines a sphere with radius Rl and centre O. If Nf is the areal density of the fissioned nuclides, then 
Nf dz represents the number of fissioned nuclides in a layer of unit area and infinitesimal thickness dz 
at distance z (≤ Rl) below the considered surface. Only tracks at an angle θ ≥ arcsin (z/Rl) intersect 
the surface. The probability P(z) of a track having an angle greater than or equal to θ is given by the 
ratio of the area of the sphere above the considered detector surface to the area of the semi-sphere 
above the position O of the fissioned nuclide. 
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Figure 1.7: When a 238U nuclide (at location o) within a crystal lattice fissions, a fission track with a length l = 2Rl (Rl is the 
range of one fission fragment) is created. When the position of the U isotope was at a distance z (z ≤ Rl) under the detector 
surface, only tracks with upper ends in the gray zone of the sphere (with radius Rl) will cut that surface. 
 
 
 12
Chapter 1: The Apatite Fission Track dating method 
Thus: 
 
 P(z) = 2πRlh/2πRl2 = Rl(Rl-Rlsinθ)/Rl2 = (1 - sinθ) 
 
The number of tracks intersecting the considered surface is hence (1 - sinθ)Nfdz, and the areal 
track density ρl is: 
 
∫ ∫ −=−= l lR R0 0 lffl )dzz/R1(NdzN)θsin1(ρ  
 
This integral yields the following simple relationship between the areal and the spatial 
densities: 
 
ρl = Nf Rl/2 or ρl = Nf l/4 
 
This is the case for an external mineral surface, in which tracks only originate from fissi
nuclides in one semi-sphere on one side of the surface. This is the so-called 2π-geo
(corresponding to a solid angle of 2π). An internal surface (a polished internal section of an a
crystal for example), is intersected by tracks resulting from both side of the surface (4π-geom
solid angle of 4π). In this case ρl is: 
 
ρl = Nf Rl = Nf l/2 
 
Equations (1.3) and (1.4) can be written as: 
 
ρl = gNf Rl = gNfl/2 
 
in which g is a factor referring to the track registration geometry; being g = 1 for the 4π- and g
for the 2π-geometry. 
 
The etched track density (ρe) is not equal to the latent track density (ρl) as calculated above. A
reason for this is the range deficit (section 1.2.1; figure 1.4). Furthermore, additional etching e
should be taken into account and an etching efficiency factor (η) must be included in the expre
for ρe (Green and Durrani, 1978). This factor can be defined as the ratio of the number of track
are effectively revealed within a certain etch time to the number of latent tracks intersecting a 
surface. The etching efficiency factor η depends on the material. For anisotropic detectors, su
minerals, a simple equation for η cannot be given. The etched track density can finally be writte
 
ρe = ρlη = gNfReη = gNf leη/2 
 
Re represents the etchable range of the FT; the etchable length of the fission track is le = 2Re. 
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1.2.4. Confined tracks 
 
Occasionally tracks that do not intersect the surface are also etched. These tracks are localized 
entirely in the interior of the crystal. They are etched when the etchant can reach them through a 
surface track or through a fracture in the crystal that traverses the confined track (figure 1.8). As a 
result, the entire etchable length of the fission track is revealed and these confined tracks are ideal for 
use in track length analysis. Confined tracks are called TINTs (Track IN Tracks) or TINCLEs (Track 
IN CLEavage) depending on how the etchant reached it (Lal et al., 1968; Bhandari et al., 1971). 
Confined tracks are used in FT analysis for measurements of the tracks lengths. Their FT length 
distribution (typically composed of about 100 tracks per sample), are used in the FT method as a 
thermochronological tool (section 2.6). 
 
5 µm
 
 Figure 1.8: Example of confined fission tracks in an apatite crystal. These tracks are
etched over their entire etchable length crystal because the etchant was able to reach
them passing through a fracture in the crystal or through a surface track. 
 
 
 
In principle, the projected track lengths and the true lengths of surface tracks can be used for FT 
length analysis as well, although at present all studies are based on horizontal confined tracks (Laslett 
et al., 1982). However, it should be noted that in the cases of high degrees of annealing (chapter 2), 
there is a bias against short tracks. In small samples or samples with low spontaneous track densities 
it can be difficult or impossible to measure a sufficient number of confined tracks and to construct a 
length distribution. In these cases or when experiments demand a high number of confined tracks, the 
samples can be irradiated with fission fragments from a 252Cf-source. These fission fragments create 
host tracks, hence augmenting the probability of revealing confined tracks in the sample. Depending 
on the duration and intensity of the irradiation, and the sample-to-source distance, the number of 
confined FTs of the sample will be enlarged and more TINTs will be revealed. Repolishing the 
irradiated surface will erase these tracks and restore the sample (Donelick and Miller, 1991). 
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1.3. Fission track observation and identification 
 
Etched FTs form straight channels of limited length that do not exhibit preferred orientations. 
Dislocations and other spurious defects on the other hand generally occur in clusters or in parallel 
arrays and often have a curved form. But in some cases the distinction between etched FTs and 
etched dislocations, surface defects or other spurious track-like features is difficult. FT identification 
is consequently to some extent a subjective matter with some variability associated with the 
observation equipment and with the FT researcher. This is illustrated by interlaboratory comparisons 
on reference materials (e.g. Naeser et al, 1981; Miller et al., 1985, 1990 and 1993; Van den haute and 
Chambaudet, 1990) that at times point to significant differences in absolute track densities. FT 
researchers have the tendency to only count the tracks that can be identified with certainty. Areal FT 
densities may therefore be underestimated. It seems sensible to acknowledge and quantify this 
behaviour by introducing an observation factor or observation efficiency q ≤ 1, although its exact 
value is difficult to enumerate and depends on the researcher and the observation equipment (Wagner 
and Van den haute, 1992). Comprehensive discussions on this matter are given by Jonckheere and 
Van den haute (1998, 1999 and 2002). The factor q can be defined as the ratio of the observed areal 
density of etched FTs that are recognized as such by an individual analyst under certain observation 
conditions to the actual existing areal density of etched FTs. 
 
In short, we can adjust the expression for the etched FT density (section 1.2.3; equation 1.6) to an 
observed density of etched FTs as follows: 
 
 ρe = gNfReηq 
 
The ηq-factor was defined by Jonckheere and Van den haute (2002) as the track counting efficie
 
 
1.4. Principles of the fission track dating method 
 
The FT dating method is based on the fact that spontaneous FTs accumulate in a given m
sample over time. If the value for the disintegration constant for the spontaneous FT reaction o
is known and if the uranium concentration in the sample is known, a FT age can be calcu
Derivation of the fundamental FT age equation was first done by Price and Walker (1963). I
section the derivation by Wagner and Van den haute (1992) is followed. 
 
In order to derive the fundamental age equation for the FT dating method, a first step is to start
the basic first-order differential equation of radioactive decay from parent isotope to a 
daughter. This relationship states that the disintegration rate is proportional to the number of p
nuclei (NP) at time t: 
 
dNP/dt = -λNP 
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The factor λ is the decay-constant (in a-1), which is the ratio of the number of individual 
disintegrations that occurs in a unit time (one year, 1 a), to a given number of parental nuclei. (NP)o is 
the original number of parent isotopes at time t = 0; after integration equation (1.8) becomes: 
 
NP = (NP)o e-λt or (NP)o = NP eλt  
 
The number of stable daughter nuclei (ND) is given by ND = (NP)o – NP, or: 
 
ND = NP (eλt – 1) 
 
This equation for isotopic dating systems can also be applied to the FT dating method, where
the radioactive parent that decays by spontaneous fission. Each fission reaction creates a fissio
and so the fission track can be considered as the stable daughter isotope. Howev
predominantly decays to 206Pb by successive α- and β-decays. The total decay-constant (λU)
is composed of the fission (λf) and the α (λα) decay-constant: λU = λα + λf. So, if 238N repres
present-day concentration of 238U then the number of spontaneous fission tracks (Ns) per unit 
is: 
 
Ns = (λf/λU) 238N(eλUt – 1) 
 
Because λα is several orders of magnitude greater than λf it is fair to state that λU ≈ λα and t
solution (to t) of previous equation can be written as: 
 
t = λα-1ln[(λα/λf)(Ns/238N) + 1] 
 
Several physical methods can be used to measure the present 238U concentration (238N), but fo
method an elegant procedure based on microscopic FT counting, was developed. When a sa
irradiated in a nuclear reactor with a precisely known (i.e. experimentally measured) fluenc
thermal neutrons, nuclei of 235U present in the sample are induced to fission. These induced
reactions create induced FTs that can be counted. The number of induced FTs per unit of vo
given by Ni = 235Nσφ, in which σ refers to the conventional effective cross-section of 2
thermal-neutron induced fission. The parameter σ can be considered a constant for a specific
reaction given a certain neutron energy. It can be defined as the ratio of the number of neutr
effectively produce fission of 235U per unit of time to the total thermal neutron flux ϕ to wh
sample is exposed. The cross-section is expressed in barn (b) with 1b = 10-24cm. The thermal 
fluence (φth) is the thermal neutron flux (ϕth, specific to the irradiation facility used) multiplied
irradiation time (tirr), so φth = ϕthtirr if we assume that the flux stays constant during irradiati
fluence is a parameter that can be measured very accurately. 
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Apart from very rare exceptions (the Oklo deposits in Gabon) the present 235U/238U ratio in nature is a 
constant (I = 7.2527 × 10-3 Cowan and Adler, 1976). So the number of induced fission tracks per unit 
of volume is Ni = 238NIσφ and thus equation (1.12) becomes: 
 
t = λα-1ln[(λα/λf)(Ns/Ni)Iσφ + 1]  
 
The determination of a FT age consequently comes down to the measurement of the Ns/Ni ra
of the thermal neutron fluence. 
 
Counting of FTs with an optical microscope involves determining areal FT densities. The the
relationship between the areal and spatial FT densities is (section 1.2): 
 
ρs,i = gs,iNs,i(Re)s,Iηs,i qs,i 
 
The subscript “s” refers to the spontaneous fission tracks, “i” to the induced fission
Accordingly, the (Ns/Ni) ratio in equation (1.13) can be written as: 
 
ssse,s
iiie,i
i
s
i
s
qηRg
qηRg
ρ
ρ
N
N =  
 
 
Then two factors can be defined: G = gi/gs 
 
     
ssse,
iiie,
qηR
qηR
Q =  
 
The geometry ratio (G) is the ratio of the geometry factors for the registration geometries
spontaneous and the induced FTs. In principle this factor is 0.5, 1.0 or 2.0. In practice, depen
the procedure used (section 1.2.2), this value is 0.5 (external detector method; Glead
Lovering, 1977) or 1.0 (population method; Green and Durrani, 1978). 
 
The procedure factor (Q) incorporates several effects. It includes the observation factors
depend on the FT researcher her- or himself and on the optics of the microscope. It also c
etching parameters (etching efficiency and etch time factor), so the Q-factor will also depend
etching conditions used for revealing both spontaneous and induced tracks. Finally it inclu
etchable range of the fission fragments and hence, in addition, Q depends on the range 
Furthermore, Q also depends on the registration geometries of the spontaneous and induced
and especially, when the external detector method is used (section 1.8.3), on the differen
deficit in the mineral and the external detector (Jonckheere and Van den haute, 2002). Enk
and Jonckheere (2003, in press) present a recent discussion on this matter. To assign an exa
to Q depends on empiricism and personal calibration. 
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In conclusion, the general formulation of the FT age equation is: 
 
1.18 t = λα-1ln[(λα/λf)(ρs/ρi)QGIσφ + 1] 
 
In this formulation an FT age can be calculated if the areal track density ratio is determined by 
counting the tracks with the optical microscope, and if the thermal neutron fluence is carefully 
measured and finally, if the Q-value is known. 
 
The remaining parameters in the age equation are nuclear constants and are: 
 
 
λα = 1.55125 × 10-10a-1 (Jaffey et al., 1971; Steiger and Jäger, 1977) 
λf = 8.46 × 10-17a-1 (e.g. Galliker et al., 1970) 
I = 7.2527 × 10-3 (Cowan and Adler, 1976; Steiger and Jäger, 1977) 
σ = 570.8 b  (Wagner and Van den haute, 1992). 
 
Values for λα and I are accepted values. Values for both other constants are not subject of a broad 
consensus. Elaboration on this topic will be a focus in the following section. 
 
 
1.5. Relevant nuclear parameters and the problem of the 238U fission decay constant 
 
1.5.1. The fission decay constant of 238U 
 
Since the discovery of nuclear fission (Hahn and Strassmann, 1939; Meitner and Frisch, 1939) and 
spontaneous 238U fission (Flerov and Petrzhak, 1940) various techniques have been applied to 
determine the fission decay-constant of 238U, resulting in more than 50 λf values ranging from 7 × 10-
18a-1 to 2.8 × 10-16a-1. The majority of λf values cluster around two modes: 7.0 × 10-17a-1 and 8.5 × 10-
17a-1 (Bigazzi, 1981; Hurford and Green, 1981a; Wagner and Van den haute, 1992; and Van den haute 
et al., 1998, give a comprehensive overview on this matter). Within each of these two clusters, the 
most precise determination was adopted and two λf-values came into use: (7.03 ± 0.11) × 10-17a-1 
(Roberts et al., 1968) and (8.46 ± 0.06) × 10-17a-1 (Galliker et al., 1970). This uncertainty created 
scepticism about the reliability of the FT method, and prompted some FT geochronologists to 
propose new calibration techniques (section 1.7.2), but it did not remove the ambiguity as such. 
Hence Holden (1989) and Wagner and Van den haute (1992), later supported by Iwano and Danhara 
(1998) and Holden and Hoffman (2000), recommended the value of (8.46 ± 0.06) × 10-17a-1. An 
important argument for this recommendation is that the lower λf values were obtained using so-called 
U-detector methods, based on track counting, and thus vulnerable to systematic uncertainties related 
to this method. In contrast, the values clustering around 8.46 were obtained with direct and more 
precise radiochemical and nuclear-physical methods and thus the (8.46 ± 0.06) × 10-17a-1 value seems 
to be the most reliable.  
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Van den haute et al. (1988) dated apatite fission-track (AFT) age-standards based on precise thermal 
neutron fluence measurements with different certified metal activation fluence monitors 
(section1.7.1.2). Rewriting the fundamental FT age equation and substitution of the known AFT age 
of the age-standards yielded a λf-value of 8.5 × 10-17a-1, supporting the Galliker-value. However 
Carpéna and Mailhé (1987) performed age standard analyses in support of the lower Roberts et al. 
(1968) value. A discussion of λf-values based on track analyses is also given in Jonckheere et al. 
(1993) and Van den haute et al. (1998). 
 
Guedes et al. (2000) repeated the Roberts et al. (1968) experiments, but used a different calibration 
technique based on natural U thin films (Bigazzi et al., 1990, 1995 and 1999; Guedes et al., 2002 and 
2003; Hadler et al., 2003). Their experiments allowed them to calculate a λf-value of (8.35 ± 0.24) × 
10-17a-1. This result is in agreement with Garwin (1985) who gives a value of 8.7 × 10-17a-1.  It seems 
clear from this synopsis that for the use in the FT age equation the value of (8.46 ± 0.06) × 10-17a-1 for 
the 238U fission decay-constant (λf) is appropriate. The absolutely calibrated AFT ages from Central 
Asian mountain belts presented in this study are based on this value. Mainly for the reason that 
alternative calibration techniques relying on age standards have been developed (e.g. the zeta-
calibration) the λf-problem was circumvented and was hence relegated to the background. Recently 
however the debate of improving the decay constants of various isotopic systems for geo- and 
cosmochronological use has been resumed (Begemann et al., 2001), and it is fair to say that the FT 
method is not the only technique prone to controversy on this point. 
 
 
1.5.2. The effective fission cross-section of 235U 
 
The value of the cross-section for thermal neutron induced fission of 235U, is not really debated, yet 
several values are used, mostly due to outdated references or unawareness of upgraded values. 
However, these small variations of the σ-values have an almost negligible effect on FT age 
calculation. It is nonetheless important that the use of the most accurate figures is adopted in FT 
geochronology. Note that in literature it is σo, i.e. the conventional 2200m/s cross section for fission 
of 235U (section 1.6 and section 3.2.1), that is reported. The most recent version of the Evaluated 
Nuclear Data Files (ENDF-B VI, 1990) cites an evaluated value of σo = 584.25 barn (± 0.19%). This 
value is recommended by Holden and Holden (1989) and Holden (1999). The 235U (n,f) reaction 
shows a somewhat discrepant behaviour: it deviates from a σ(v) ~ 1/v relationship (v is the neutron 
velocity) at thermal neutron energies. Therefore a temperature dependent correction factor should be 
applied. This correction factor was calculated as g(T) = 0.977 at a temperature of 20°C (Green and 
Hurford, 1984; Wagemans et al., 1988). This leads to an advized cross-section value of σ = 570.8 
barn for perfectly thermalized neutrons at 20°C (Wagner and Van den haute, 1992; Van den haute et 
al., 1998). 
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1.6. The thermal neutron fluence 
 
The nuclear fuel in a nuclear reactor fissions and produces neutrons. The total neutron flux (ϕtot) (i.e. 
the number of neutrons crossing a unit area in a unit time) consists of three components: ϕtot = ϕf + 
ϕepi + ϕth; these are respectively, the flux of fast, epithermal and thermal neutrons (figure 1.9). The 
fast neutrons are high-energy neutrons (0.5 – 10 MeV) and are the direct products of the fission 
reaction. The moderator (graphite, heavy water or normal water) surrounding the reactor fuel, 
absorbs the energy of the high-energy, fast moving neutrons, slowing them down to an epithermal 
state.  When the neutron energy is in a state of thermal equilibrium with the moderator, the neutrons 
reach a slow or thermal stage and are called thermal neutrons. They exhibit a Maxwell-Boltzmann 
energy distribution and have energies from 0 to 0.25 eV. The epithermal neutrons have energies 
between those of fast and thermal neutrons. Epithermal neutrons are also capable of inducing fission 
of 235U. The cross-section of this reaction is called the resonance integral Io and is 275 barn for 235U. 
It is therefore of great importance that the irradiation channel is well thermalized. The γ-activity of 
irradiated metal activation monitors is also induced in part by non-thermal neutrons (section 1.7.1.2 
and section 3.2.1). In this case it is imperative to be capable of calculating exactly what the 
contribution of the epithermal flux amounts to. Given the σo and Io values and the monitors used, the 
ratio of ϕth/ϕepi should be > 50 in order to have a negligible amount (< 1%) of FTs induced by fission 
events due to epithermal neutrons. If this ratio is known, it is easy to calculate and correct for its 
effect on the γ-activity of the monitors (section 1.7.1.2 and section 3.2.1). 
 
Thermal neutrons
Epithermal neutrons Fast neutrons
E (eV)
(log)
(log)
10 10 10 10 10 10 10 10 10 1065432-3 -2 -1 0 1
ϕ (E)
 
 
Figure 1.9: Thermal, epithermal and fast components of the neutron flux, ϕ (E) (in arbitrary 
units) in function of the neutron energy (E) (after Jonckheere, 1995; Bellemans, 1996).  
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Epithermal and fast neutrons are also capable of inducing 238U and 232Th fission, so the energy 
spectrum of the reactor neutrons should be well known. Moreover, the thermalization of the used 
irradiation channel should be guaranteed in order to determine an absolute FT age correctly (e.g. 
Hurford and Green, 1981a; Crowley, 1986; Tagami and Nishimura, 1989 and 1992). Care must be 
taken also with the sample irradiation geometry to minimize the effects of neutron flux gradients (e.g. 
Hurford and Gleadow, 1977; Wagner and Van den haute, 1992). 
 
 
1.7. Calibration of the FT dating method 
 
1.7.1. The absolute approach 
 
The absolute approach relies on a direct and accurate determination of the thermal neutron fluence 
(φth) the apatite samples were exposed to during irradiation. The irradiation of the samples creates 
induced 235U FTs that indirectly quantify the 238U concentration in the sample. If we adopt a value for 
the 238U fission decay-constant -e.g. the Galliker et al. (1970) value of (8.46 ± 0.06) × 10-17a-1 as used 
in this work- a FT age can readily be calculated. An absolute determination of φth can be obtained by 
co-irradiating fluence monitors with the samples. Different types of monitors can be used. 
 
 
1.7.1.1. Uranium-fission monitors 
 
One method for determining the thermal neutron fluence (φth), is to make use of uranium-fission 
monitors (Bigazzi et al., 1990; De Corte et al., 1995). However, the method is very laborious and 
therefore not used in FT dating. De Corte et al. (1995) have shown that φth-values obtained by using 
co-irradiated metal activation monitors agree with those obtained with U-fission monitors. The 
uranium-fission monitor calibration uses diluted Al-U-alloys, in analogy with metal activation 
monitors (e.g. Au-Al or Co-Al alloy; see next section). In fact, U-fission monitors can also be 
considered as a metal activation monitor. In the experiments by De Corte et al. (1995) the U-fission 
monitor was enriched in 235U (93.22 atom%). During irradiation in the nuclear reactor, thermal 
neutrons induce the 235U nuclei in the monitor to fission with a certain 235U(n, f) reaction rate (R). It 
is this rate, R, that provides the most direct estimate for φth. 
 
The induced fission of 235U produces unstable isotopes (e.g. 88Kr, 88Rb, 134I…) which emit γ-radiation 
during disintegration. Based on their fission yield and the energy and intensity of the characteristic γ-
peaks, selected nuclides were analyzed with γ-spectrometry after irradiation. The detected 
characteristic γ-peak area of a selected fission nuclide with particular fission yield an estimate of the 
number of fissioned 235U nuclei. This value then stands in direct relationship with φth. Of all 
investigated fission nuclides, 91mY, 95Zr, 99Mo, 140Ba, 140La and 142La yielded the best results.  
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The uranium-fission rate (R) determined with metal-activation monitors (section 1.7.1.2), Rmetal, and 
the value measured by γ-spectrometry of the fission products, R, were shown to be in excellent 
agreement. De Corte et al. (1995) obtained a ratio of R/Rmetal = 0.997 ± 0.006, showing that the much 
less laborious metal-activation monitor approach is also accurate and a more practical way to 
evaluate the thermal neutron fluence during irradiations. 
 
 
1.7.1.2. Metal activation monitors 
 
Another option in the absolute approach is to use metal activation monitors. These monitors, 
typically Au or Co (in the form of foil or wires), are activated during the irradiation and their γ-
activity after irradiation is function of the neutron fluence they were exposed to. In the previous 
section it was mentioned that these monitors yield accurate fission rates and absolute fluences. The 
foils or wires are diluted Al-alloys to avoid shielding effects. This approach (and the former) requires 
a precise knowledge of the exact composition of the neutron flux in terms of thermal and epithermal 
neutrons and a well-calibrated measurement equipment. If all the necessary requirements are met, the 
absolute approach of calibrating φth by using these metal activation monitors is a powerful calibration 
method and leads to correct FT age determinations (Van den haute et al., 1988). 
 
Only metal monitors for which the relevant nuclear parameters are precisely and accurately known 
can be used. In practice, only Au and Co (and to a lesser extent Mn) come into consideration. 
Additional advantages of the use of Co and/or Au is that both elements are mono-isotopic and their 
activated radio-isotopes disintegrate following simple decay schemes. Cu, which has been used in the 
past, does not meet the stringent requirements. Therefore it should no longer be utilized for absolute 
measurement of φth (Van den haute et al., 1988; De Corte et al., 1991). Cu is still used as a suitable 
monitor to determine relative fluence ratios; it is therefore useful for establishing the radial or 
longitudinal fluence gradient (Van den haute and Chambaudet, 1990; Wagner and Van den haute, 
1992).   
 
The neutron bombardment in the reactor will induce (n,γ) reactions in the abovementioned metals: 
197Au (n,γ) 198Au t1/2 = 2.696 d Eγ = 411.8 keV 
59Co (n,γ) 60(m)Co t1/2 = 5.271 a Eγ = 1173.2 and 1332.5 keV 
 
Measurement of the γ-activity of the metal monitors by γ-spectroscopy gives a direct value of the 
thermal neutron fluence. Derivation of the relevant equations in this respect is discussed in detail in 
chapter 3. 
 
In principle, single Au or Co monitoring is sufficient to accurately assess the thermal neutron 
fluence, but combined use of both metal monitors is recommended and provides a control on internal 
consistency of this method (Green and Hurford, 1984; Van den haute et al., 1988). 
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1.7.1.3. Uranium doped glass monitors 
 
To reduce the complexity of the absolute approach, U-doped glass monitors were manufactured. A 
first set of glasses was produced by the former National Bureau of Standards (NBS) in the USA 
(now: NIST, National Institute of Standards and Technology). Four series of glass monitors 
(SRM961 to SRM964) with different U-contents (500, 50, 1 and 0.02 ppm U) were developed and a 
number of specimens were irradiated in the NBS reactor. The thermal neutron fluence was monitored 
with pure Au and Cu foils (Carpenter and Reimer, 1974). The irradiated glasses were distributed 
along with identical, non-irradiated specimens (SRM610-611, SRM612-613, SRM614-615 and 
SRM616-617 respectively; the two numbers refer to the thickness of the glass discs: the first numbers 
refer to discs of 3mm, the second to discs of 1 mm). 
 
Co-irradiation of samples with non-irradiated glass monitors enables the calculation of the unknown 
φth when a comparison is made between the induced track density in the monitor (ρUN) and the 
induced track density in the pre-irradiated glass (ρGL) when both are etched under identical 
conditions: 
 
GL
UNGL
UN ρ
ρφφ =   
 
Counting of the induced tracks is done either in the glass itself (after etching) or in a mu
external detector (after etching) in close contact with the glass during irradiation (the t
external detectors will be discussed in section 1.8.2). Counting the tracks in an external dete
the advantage that the same glass mount can be used again in later irradiations. 
 
The NBS-SRM glasses have several shortcomings: the calibration of the fluence with Au an
the pre-irradiated glasses appears to be inconsistent, Cu has been found to be an unsuitable 
monitor, the U is depleted in 235U, the glasses contain significant concentrations of interfe
isotopes and other elements (e.g. REE’s). Consequently a new set of pre-irradiated SRM 
(SRM962a and SRM963a) was manufactured as replacements for the original SRM962 and S
(Carpenter, 1984). These sets nevertheless still posses several of the disadvantages of the
glasses. 
 
Other glasses were distributed by the Corning Glassworks company: a first series, the U1-U
monitor sets (Schreurs et al., 1971) which are no longer available and the CN1 (40 ppm U), C
ppm U), CN5 (12 ppm U) and CN6 (1 ppm U) glasses. Other members of this glass monito
CN3 and CN4, are Th-doped. The CN glasses contain natural uranium, and proved of far mor
FT geochronology. 
 
Critical studies of the SRM and/or CN glass monitors were made by Hurford and Green 
Green, (1985), Crowley (1986), Hurford (1990), Bellemans et al. (1995a), De Corte et al. (19
Hurford (1998).  
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In co-operation with the Institute of Reference Materials and Measurements (IRMM) of the European 
Commission, Ingelbrecht, De Corte and Van den haute developed a new certified U-doped glass 
monitor set (IRMM-540). Great care was taken to avoid the shortcomings of the older glass monitors 
(Bellemans et al., 1995b and De Corte et al., 1998). This glass was specifically made for use in FT 
dating, while the other glasses were originally conceived for other purposes. The IRMM-540 glass 
monitor has a homogeneously distributed certified (De Corte et al., 1998) U-content of 13.9 ± 0.5 
ppm and a natural 235U/238U isotopic ratio of (7.277 ± 0.007) × 10-3. The concentration of interfering 
elements such as Th and REE’s are below the detection limit of the various analytical methods used. 
A set of IRMM-540 glasses consists of one pre-irradiated glass disc, the mica external detector 
(which was attached to the pre-irradiated disc) and two non-irradiated glass discs. The thermal 
neutron flux to which the pre-irradiated IRMM-540 glasses were exposed also has a certified value of 
(1.070 ± 0.011) × 1017 cm-2 (De Corte et al., 1998). 
 
The IRMM-540 glass is now out of stock, but work on successors for this neutron fluence monitor is 
far advanced. Two new reference glasses specifically for FT dating, are underway. They will have 
nominal U-contents of 15 ppm (IRMM-540R) and 55 ppm (IRMM-541), while for both the natural 
uranium isotopic ratio shall be observed. Sets will be similar to IRMM-540 sets, containing three 
glass discs (one pre-irradiated) and a mica external detector (Derbyshire et al., 2001). 
 
 
1.7.2. The age standard approach: the zeta-method 
 
1.7.2.1. Principles of the approach 
 
Because of the controversy over the 238U fission decay-constant (Bigazzi, 1981), the difficulty of 
accurate thermal neutron fluence determinations (Green and Hurford, 1984) and the possible 
interdependence of the two, a calibration based on analysis of FT age standards was promoted and 
elaborated by Hurford and Green (1981a), (1981b), (1982), and (1983) based on the principle 
proposed by Fleischer and Hart (1972).  
 
If a mineral sample of unknown age (tu) and a FT age standard sample of known age (tS) are co-
irradiated, both will be exposed to the same thermal neutron fluence, if we neglect a possible fluence 
gradient. The age equations for the sample and the age standard are respectively given by: 
 
tu = λα-1ln[(λα/λf)(ρs/ρi)uQGIσφth + 1]  
 
and 
 
tS = λα-1ln[(λα/λf)(ρs/ρi)SQGIσφth + 1] 
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If we treat the sample and the standard under the same etching and observation conditions, a factor Z 
for the specific irradiation (specific φth) can be defined as: 
 
Z = QIσφth /λf,  
 
It should be noted here that in equation (1.22) the Q-factor is also included, which was not the
the original derivation of these equations by Hurford and Green (1983). 
 
Equations (1.20) and (1.21) can now be rewritten as: 
 
tu = λα-1ln[λα(ρs/ρi)uGZ + 1] 
 
and 
 
tS = λα-1ln[λα(ρs/ρi)SGZ + 1] 
 
or: 
 
G)/ρ(ρλ
1eZ
Sisα
tλ Sα −=  
 
Substitution of equation (1.25) in (1.23) gives tu, without the need to know the λf and σ val
without having to calculate φth. The Z-parameter has a dimension of time (a). Z is dependen
neutron fluence and cannot be used for other irradiations. Furthermore, as is show
incorporation of the Q-factor in the expression for Z, the Z-parameter depends on the etch
observation conditions. Thus, Z-values obtained by one researcher cannot be adopted by other
 
A more elaborate but practical alternative is provided by the zeta- or ζ-method (Hurford and
1981a, 1981b, 1982 and 1983). It relies on age standard analyses as well, but also on 
irradiation of U-doped glass monitors (SRM, U, CN or IRMM glasses; section 1.7.1.3). In thi
calibration factor, the ζ-factor, can be determined, which is independent of the irradiation. 
 
FT age standards of a certain mineral (e.g. apatite) are irradiated together with a specif
monitor. This produces fission tracks that can be etched and counted in the glass itself o
external detector attached to the glass monitor during the irradiation. This induced track dens
is proportional to the thermal neutron fluence, or φth = Bρd, in which B is a proportionality c
expressed in neutrons per track. The B-factor depends on the type of glass dosimeter, espec
the U-content, and on etching and observation conditions used by the individual researcher. 
equation for the age standard co-irradiated with the glass can be written as: 
 
tS = λα-1ln[(λα/λf)(ρs/ρi)SQGIσ B(ρd)S + 1] 
 251.22 case in 
 1.23 1.24 1.25ues and 
t on the 
n from 
ing and 
s. 
 Green, 
the co-
s way a 
ic glass 
r in an 
ity (ρd) 
onstant, 
ially on 
The age 
 1.26
Chapter 1: The Apatite Fission Track dating method 
 
In the same manner as was done for the Z-factor, we now define a calibration factor, the ζ-factor: 
 
 ζ = QIσB/λf, 
 
resulting in: 
 
tS = λα-1ln[λα(ρs/ρi)SGζ(ρd)S + 1] 
 
or, 
 
S)G(ρ)/ρ(ρλ
1eζ
dSisα
tλ Sα −=  
 
The ζ calibration factor is expressed in (a cm2) and includes the debatable parameters Q, σ, B
It is therefore a calibration factor, only to be used by an individual FT researcher. The B-fac
implies that ζ is variable according to the U-concentration of the glass dosimeter used
implications of the fact that the Q-factor is embedded in the ζ-equation is that the ζ-val
depends on the mineral under investigation. In short, ζ-values vary with researcher, experime
up and conditions, mineral and glass dosimeter (Green, 1985; Tagami, 1987; Shin and Nis
1991). 
 
Also for different age standards of the same mineral slight variations in the ζ-values hav
observed (Green, 1985), possibly due to different etching properties linked to compo
variation. A weighted average ζ-factor determined for a specific age standard is called a 
weighted mean zeta or SWMZ. When SWMZ-values acquired for different age standards (u
same glass dosimeter and under the same general conditions) are averaged, an overall weighte
zeta or OWMZ is obtained (Hurford and Green, 1983). When ζ calibration factors are re
generally they refer to an OWMZ-value, since accurate calibration involves several exper
preferably with as many age standards as are available for a given mineral. 
 
The FT age of an unknown sample is determined after co-irradiation with the same type 
dosimeter from the following equation: 
 
tu = λα-1ln[λα(ρs/ρi)uGζ(ρd)u + 1] 
 
In this equation (ρd)u represents the induced track density for the glass dosimeter co-irradiat
the sample. This irradiation can be a different irradiation from the one(s) of the age standar
which the ζ-value was calculated. It can also be an interpolated value, calculated from several
in an irradiation package. 
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FT dating using the ζ-calibration method in combination with the external detector procedure 
(section 1.8.2) yields results that are comparable and reproduceable on an interlaboratory scale. It 
helped to re-establish the FT method from the stalemate it had reached due to the λf and φth problems, 
and it brought the method to where it is today, having a broad variety of applications in geoscience. 
But it should be noted that relying on age standard calibration implies calibration with other isotopic 
systems, making the FT method dependent on these other dating methods. One should also be aware 
that the “FT formation age” of apatite for example, even for carefully chosen standards is not in fact 
the true formation age as determined with these other isotopic systems. Moreover, the ζ-factor must 
be considered as a preliminary calibration system that acts as a kind of dustbin-factor incorporating 
all poorly known or understood parameters and concepts. Deconvolution of the ζ-factor, lifting out 
constants when they can be agreed upon and leaving a factor that may only depend on procedural 
aspects, should be aimed for (Wagner and Van den haute, 1992; Hurford, 1998). It is a secondary aim 
of this work to show that AFT dating can be carried out using the procedure factor (Q), entailing 
absolute φth-measurements, in combination with the external detector method and that these results 
obtained with the ζ-approach. 
 
 
1.7.2.2. Apatite age standards 
 
In the ζ-approach, the FT age of the unknown sample is determined relative to the reference age of 
age standards. So it is of considerable importance that in order to be considered as an age standard, a 
mineral sample must fulfill some essential requirements which can be summarized as follows (G.A. 
Wagner in Hurford and Green, 1981): (1) the rock formation containing the standard should be 
geologically well documented, (2) the mineral should be homogeneous in FT age (only crystals from 
one age population and none derived from older rock), (3) the age of the sample should be known 
unambiguously from stratigraphy as well as from independent isotopic dating, (4) this independent 
isotopic age should consistently refer to the formation of the mineral and not to some posterior event, 
(5) no correction for track fading should be necessary. Furthermore we can state an additional 
criterium: (6) spontaneous track density should not be too high or too low, and no U-heterogeneity 
should be present. 
 
Age standards are only available for a limited amount of minerals. For apatite two standards are 
recognized by the Fission Track Working Group of the IUGS Subcommission on Geochronology 
(Hurford, 1990a and 1990b). The first one is apatite from the Fish Canyon Tuff, an Oligocene 
volcanic tuff from Colorado, USA (Hurford and Gleadow, 1977; Naeser et al, 1981; Hurford and 
Green, 1983; Green, 1985; Carpéna and Mailhé, 1987; Wagner and Van den haute, 1992; Hurford; 
1998). Its age has been determined by 40Ar/39Ar (biotite) dating (Hurford and Hammerschmidt, 1985) 
as 27.9 ± 0.5 Ma. It was successfully studied in interlaboratory comparisons (Naeser et al., 1981; 
Miller et al., 1985) and it was used as an apatite age standard since the introduction and during the 
subsequent further development of the ζ-calibration method (e.g. Hurford and Green, 1983; Green, 
1985). 
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The second is Durango apatite from the Durango martite (hematite variety) ore body in the Tertiary 
Carpintero volcanic group, Cerro de Mercado, Mexico (Young et al., 1969; Naeser and Fleischer, 
1975; Hurford and Gleadow, 1977; Green, 1985; Wagner and Van den haute, 1992; Jonckheere et al., 
1993; Hurford, 1998). A K-Ar study of the Carpintero group yielded an age of 31.4 ± 0.5 Ma 
(McDowell and Keizer, 1977, recalculated by Green, 1985). In contrast to the Fish Canyon, Durango 
apatite is available as large (cm-scale), gem-quality euhedral crystals. 
 
A third apatite, the Mount Dromedary apatite from the Cretaceous Mount Dromedary quartz 
monzonite (banatite) intrusive complex, New South Wales, Australia (Green, 1985; Miller et al., 
1985; Hurford, 1990a and 1990b; Shin and Nishimura, 1991; Wagner and Van den haute, 1992) is 
also sometimes used as a putative age standard, although it is not accepted as such (Jonckheere et al., 
2000). Its reference age is 98.8 ± 0.6 Ma, obtained from biotite Rb-Sr analysis (Williams et al., 
1982). 
 
Analyses are being carried out on apatite from a phonolitic tuff from the Kaiserstuhl alkaline 
volcanic complex, near Freiburg, Germany to evaluate if this apatite is suitable as a standard. The 
40Ar/39Ar age of the tuff is 16.2 ± 0.4 Ma corresponding well with the first FT ages and even (U/Th)-
He ages obtained from this material (Kraml et al., 1996; Link et al., 2003 and Meinert Rahn, pers. 
comm.). 
 
 
1.8. Dating procedures and techniques 
 
For an exhaustive overview the reader is referred to Fleischer et al. (1975), Gleadow (1981), Hurford 
and Green (1982) and Wagner and Van den haute (1992). 
 
The distinction between the various procedures is largely based on how the induced track density is 
determined. When induced track etching and/or observation characteristics differ from those of the 
spontaneous tracks, the procedure factor Q ≠ 1 (section 1.4). These dating FT procedures are 
efficiently used in age standard calibration approaches. Procedures for which can be assumed that Q 
≈ 1, the absolute approach can be followed. The existing procedures can be subdivided in two 
categories: multi-grain methods, where track densities are averaged over a large number (population) 
of grains on the one hand and single-grain methods, where a track density ratio and thus an age can 
be determined for each individual grain separately on the other hand. An example of the latter 
procedure is the so-called external detector method that was used for the dating of the apatites from 
Central Asia and Siberia in this work. This procedure is therefore discussed in greater detail. 
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1.8.1. Multi-grain methods 
 
In multi-grain or grain-population methods (Naeser, 1967; Wagner, 1968), the sample is split into 
two aliquots, one serving for the measurement of spontaneous track density (ρs), the other for that of 
the induced track density (ρi). Two methods can traditionally be classified in this section. The first is 
the subtraction method where the induced track aliquot is irradiated and etched. Counting of a 
statistically representative population from this aliquot gives a total track density of ρs + ρi. The 
aliquot for spontaneous tracks gives the ρs-value. Subtraction gives ρi. But by far the most important 
multi-grain procedure is the population method s.s., where the aliquot for ρi-analysis is heated for a 
certain time before irradiation. This heating anneals the existing latent spontaneous tracks. Etching 
after irradiation hence only reveals the induced tracks. In this way ρs and ρi are measured directly, 
but in two different aliquots. For both these methods it can be assumed that Q ≈ 1, at least if 
annealing of the samples in the population method does not influence the etching properties (which is 
usually not the case for apatite). The geometry ratio in this case is, G = gi/gs = 1/1 = 1. 
 
 
1.8.2. Single-grain methods 
 
As mentioned, in single-grain methods a ρs/ρi ratio is determined for each grain individually. This is 
of great value if samples contain grains with a great U-heterogeneity, if a sample contains grains of 
different age (common in detrital rocks) or if there simply is not enough material available. 
 
A first example of this class of methods is the re-etch method.  In this method the spontaneous tracks 
are etched before irradiation of the sample. The induced tracks are revealed during re-etching of the 
same sample after irradiation. Distinction (which is not always possible) between both types of tracks 
is made on the basis of their size, with the spontaneous tracks having a larger size due to the second 
etching step. 
 
A second example is the repolish method. In this method the spontaneous tracks are etched and the 
spontaneous FT density is determined. Subsequently the sample is repolished to remove the layer of 
etched and counted spontaneous tracks. After irradiation and etching, the sample is counted again. 
This time the determined FT density will be the result of both the spontaneous and the induced 
tracks. Subtraction of the spontaneous FT density established prior to irradiation finally yields the 
induced FT density. 
 
The external detector method (Price and Walker, 1963) is the most widely used dating method in FT 
geochronology at present. It is used succesfully in combination with the ζ-calibration technique. The 
induced tracks are registered, revealed and counted in an external detector (ED), while the 
spontaneous tracks are counted in a polished and etched internal surface of the mineral. During 
irradiation, the ED is placed in close contact with the mineral surface containing the spontaneous 
tracks (figure 1.10). The ED must be free of U so that the tracks in the ED originated in the sample. 
The tracks in the ED originate from 235U nuclides at a depth < Ri under the mineral surface (Ri is the 
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range of single induced fission fragment). Sometimes plastic foils (Lexan, Makrofol, Kapton) are 
used as ED, but in most geological applications low U muscovite mica is used. Mica, being a 
mineral, and thus an anisotropic detector in contrast to the polymere detectors, is preferred because 
track registration characteristics are more similar to the investigated mineral samples (Gleadow, 
1981). On the other hand it should be stated that handling, preparation, attaching and storage of 
plasic foils is a lot easier. An example of etched FTs in muscovite mica is shown in figure 1.11. 
 
The apatite/ED configuration necessitates a geometry correction: gs = 1 (4π-geometry) and gi = 0.5 
(2π-geometry) and hence G = gi/gs = 0.5 (Gleadow and Lovering, 1977; equation 1.16). It is also 
clear that in the ED method Q ≠ 1. Because many parameters characteristic for the dated mineral 
differ considerably from those of the ED. Comprehensive discussions on this matter have been 
provided by Iwano et al (1992) and (1993), Jonckheere (1995), Iwano and Danhara (1998), 
Jonckheere and Van den haute (1998), (1999) and (2002). We will discuss our determination of the 
Q-factor in section 3.5. 
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Figure 1.10: Scheme of a sample mount prepared for the external detector (ED) method. The apatite is fixed in epoxy 
and an internal surface is polished and etched. In this way the spontaneous tracks from 238U fission intersecting this 
surface are revealed in the crystal. Afterwards an ED (in most cases muscovite mica) is attached. The mount is 
irradiated with thermal neutrons that induce fission of 235U. Etching of the ED reveals the induced tracks intersecting 
the ED surface. 
 
 
 
 
A Q-factor specific for the apatite/muscovite pair for an individual researcher using a certain 
experimental set-up can be calculated. In this way a personal calibration factor -in some analogy with 
the ζ-factor- can be assigned. If the Galliker-value (λf = 8.46 × 10-17a-1) for the 238U fission decay-
constant is adopted, the ED method can effectively be used in combination with the absolute 
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calibration approach. In this study, AFT ages with ED will both be reported as traditional ζ-ages as 
recommended by Hurford (1990a and 1990b) and also as absolute Q-ages. 
 
 
 Figure 1.11: Fission tracks in a muscovite ED after etching in 40% HF for 30 minutes at 25°C. 
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CHAPTER 2 
 
THERMAL STABILITY OF FISSION TRACKS 
AND GEOLOGICAL INTERPRETATION OF AFT ANALYSES 
 
 
 
 
 
 
2.1. Fading of fission tracks: generalities 
 
The radiation damage along a fission track constitutes a metastable state of the solid that, given time 
and external factors, will be restored. This process is called fading of fission tracks and results in the 
reduction of the etchable length of the fission track. Segmentation of the track, resulting in 
unetchable gaps (Dartyge et al., 1981; Paul, 1993; Hejl, 1995) precedes the ultimate stage of 
disappearance of the track (Green et al., 1986). The existence of these unetchable gaps may be an 
indication of the validity of the so-called Orsay model (Dartyge et al., 1981) of fission tracks with 
extended and point defects. 
 
Because of the linear relationship between the etchable track length or etchable range and the areal 
density of fission tracks in minerals, fading of fission tracks causes reduction of the track density 
(figure 2.1) and as a consequence the apparent FT age is lowered and a sample is dated too young 
(Green, 1988). This 1:1 relationship is at least true for limited degrees of annealing (l/lo = ρ/ρo = 1.0 
to 0.65). Temperature is a major controlling factor in the fading process (e.g. Gleadow et al., 1983). 
In order to evaluate the thermal effect, FT lengths in an apatite sample are measured and a length 
distribution of confined FTs is constructed (e.g. Gleadow et al., 1986a). This distribution together 
with the FT age itself, represents a powerful research tool in thermochronology where temperature-
time- or T-t-conditions of rocks are reconstructed. Especially the fact that apatite is sensitive to low 
temperatures (below ~150°C to even room temperature) has made AFT analysis (AFTA) an 
important instrument for investigating denudation histories of mountain belts or burial histories of 
sedimentary basins for example. This application of the FT method has been the main reason for its 
success in the last decade and will be discussed in this chapter. 
 
The external factors that influence FT fading are hydrostatic rock pressure (Wendt et al., 2002), 
shock wave pressure, plastic deformation, ionizing radiation, but most of all it is temperature. 
Combining the effects of both temperature and time on FT fading, one speaks of annealing of fission 
tracks. FT annealing was already recognized shortly after the development of the FT method 
(Fleischer et al., 1965). In order to better understand FT annealing, numerous isochronal (when the 
annealing time is kept constant and experiments at different temperature are conducted) and 
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isothermal (when the temperature is kept constant and experiments are run at different annealing 
times) experimental studies have been carried out in the past, and different annealing models were 
proposed by different authors. Some of the most widely used models will be described in more detail 
in section 2.5. 
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 Figure 2.1: Linear relationship between track length reduction and track density reduction for 
induced tracks from several apatites (after Green, 1988).  
 
 
 
It is generally thought that diffusional processes contribute to the restoration of the crystal damage 
and thus to the fading of fission tracks. Given time, this diffusion may cause the tracks to fade even 
at ambient temperatures. The diffusion rates increase greatly at elevated temperatures because the 
added thermal energy to the system exceeds the activation energy for the diffusion of the lattice 
atoms which can then leave their trap sites and move to regular lattice positions. 
 
 
Since the fission fragments cause the most extensive damage in the central part of the fission track in 
the crystal lattice, the density of defects decreases towards the track ends. When annealing reduces 
the defect density, an increasing portion of the damaged channel becomes unetchable. The critical 
etching threshold is first reached at the track ends and thus annealing results in a progressive 
shortening of the fission tracks from both ends (Green et al., 1986). 
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2.2. Annealing kinetics, laboratory experiments and the diffusion law 
 
The degree of annealing is often expressed as a reduction of FT length (l) or FT density (ρ) with 
respect to the original values lo and ρo before annealing. In other words, the length (r = l/lo) or density 
reduction (r = ρ/ρo) is a measure of the degree of annealing of the fission tracks. When there is no 
annealing (l = lo and ρ = ρo) the retention of the fission tracks is 100% or r = 1. When annealing 
progresses, tracks disappear and the retention decreases to a point when annealing is complete or 0% 
of the tracks are retained, in that case the retention, r = 0. In early FT annealing studies, the ρ-
parameter was used to describe the retention of tracks, while in later work l was preferred because the 
r = l/lo approach is faster and more precise than the r = ρ/ρo approach. Moreover, the length reduction 
is thought to be a direct response to annealing, while density reduction is a secondary response 
related to the length reduction. 
 
As outlined, laboratory experiments have been carried out keeping either the annealing temperature 
(T) constant, i.e. isothermal annealing experiments, or the annealing time (∆t) constant, i.e. 
isochronal annealing experiments. The results of both isochronal and isothermal experiments are 
presented in Arrhenius diagrams with a logarithmic time axis and a reciprocal absolute temperature 
axis (log∆t vs. T-1 or vs. 103T-1)  (see figure 2.2 for an example). Because of a linear relationship 
between these annealing parameters lines of equal annealing or retention degrees are straight in an 
Arrhenius diagram (figure 2.2). This linear relationship has been proven on an empirical basis. 
 
In early studies, FT annealing was simply considered as a diffusion process with first order kinetics. 
Based on this assumption the linear relationship in the Arrhenius diagrams was demonstrated (e.g. 
Märk et al., 1973). 
 
In general, the first order reaction rate can be written as: 
 
 dn/dt = -αn 
 
where n denotes the concentration, in this case of the displaced atoms in the apatite lattice
proportionality constant, α is temperature-dependent according to: 
 
kT
E
o
a
eα
−
α =  
 
 
in which αo was regarded as a material specific resonance frequency, Ea as the activation ener
the diffusional process; T is the absolute temperature (in Kelvin), and k is Boltzmann’s const
8.616 × 10-5 eV/K). 
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Integration of equation 2.1 (at constant T, i.e. isothermal annealing) yields: 
 
2.3 n = noe-αt 
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 Figure 2.2: Example of Arrhenius plots obtained for laboratory annealing experiments (shaded area in a en b) 
with extrapolation to geological time scales (a). (a) Divergent Arrhenius plot on the basis of the ρ/ρo 
annealing parameter (see text for elaboration; after Wagner and Reimer, 1972). (b) Parallel Arrhenius plot on 
the basis of the l/lo annealing parameter (after Green et al., 1985). 
 
 
 
 
 
Where no can be considered the concentration of displaced apatite atoms before the onset of 
annealing. Combining equations 2.2 and 2.3 gives 
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In this equation the linear relationship between lnt and T-1 is obvious. In the case of FT density 
reduction we can propose an analogous relationship as in equation 2.3 to describe the annealing 
process by writing: 
 
ρ/ρo = e-αt 2.6 
 
and 
 
o
o
a lnα
ρ
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When considering the l/lo retention parameter, equations 2.6 and 2.7 become: 
 
l/lo = e-αt  
 
and: 
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Describing FT annealing by first order kinetics was attempted in the early stages of the develo
of the FT method, mainly by Austrian FT scientists (e.g. Märk et al., 1973). In these early s
there existed some debate on the activation energy (Ea) for these diffusional processes. If i
regarded as a constant (e.g. by Märk et al., 1973) lines of equal FT retention would be represen
parallel straight lines in the Arrheniusdiagrams. Wagner and Reimer (1972) on the other
considered that Ea would increase with increasing degrees of annealing, resulting in a fanning
of the lines of equal FT retention in an Arrheniusdiagram. 
 
The early simple exponential diffusion law for FT annealing (equation 2.6) proved inadequ
describe the laboratory annealing data to their disposal. The Austrian research group (Berte
Märk, 1983) generalized their model through a summation of a series of exponentials as des
by: 
 
∑
=
−=
n
1j
tα
j
jeρ  
 
This multi-exponential model fitted their data (obtained on Durango apatite) better than the s
exponential law. For apatites from the Armorican Massif (France) Chaillou et al. (1981) obta
comparable equation. 
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However, in modern literature the physical model of first order kinetics on which these early 
assumptions were based is considered incorrect and too simplistic to describe the complex process of 
track annealing. Nowadays FT annealing is approached on an empirical basis and no physical 
meaning is attached to the parameters governing the empirical annealing equations. 
 
 
2.3. Extrapolation to geological timescales and compositional effects 
 
The linear relationship expressed by equations 2.5, 2.7 or 2.9 makes it in principle easy to extrapolate 
the results of the laboratory experiments to geological timescales. It is sufficient to simply extend the 
straight retention lines in the Arrhenius diagram to these geological timscales which are several 
orders of magnitude longer than the annealing times applied in the laboratory. In doing so it is 
assumed that the annealing is the same as in the laboratory. We also need to know exactly if fanning 
occurs in the Arrhenius diagram, and if so, to what extent. 
 
The question of parallel or fanning Arrhenius plots was investigated thoroughly by Green et al. 
(1985). These authors use the l/lo ratio, which, as mentioned earlier, is more precise compared to the 
ρ/ρo ratio used in the earlier studies. Another reason in favour of the length reduction parameter is 
that it represents a more fundamental parameter in the annealing process as it is this length reduction 
that causes the track density reduction. Green et al. (1985) come to the conclusion that, when 
annealing experiments are carried out on pure, single crystal apatites (e.g. Durango apatite), the 
parallel or near parallel Arrhenius plot is attained (figure 2.2). When these experiments are done 
using several different grains of apatite the plots may show slight or more marked fanning. Green et 
al. (1985) attribute this to an artifact caused by superposition of several narrow Arrhenius plots each 
with an individual activation energy. These different plots and activation energies represent a range 
of different chemical compositions of the apatite. This observation triggered more extensive research 
on the effects of apatite chemical composition on FT annealing. 
 
It was then clear that the chemical composition of the apatite had a significant influence on the 
annealing characteristics of the apatite in question. As was outlined in chapter 1, the general crystal 
chemical formula of apatite is Ca5(PO4)3(OH,F,Cl). Depending on the single valence cation in the 
apatite structure we have hydroxy apatite (OH-), fluorapatite (F-) or chlorine apatite (Cl-). The first 
variety is rare in nature. Fluorapatite is by far the most common type of apatite (Deer et al., 1962; 
McConnel, 1973). The widely used standard Durango apatite has a Cl/(Cl+F) ratio of ~ 0.12 for 
example (Young et al., 1969; Carlson et al., 1999). Chlorine apatites also exist as rock-forming 
minerals, but commonly these apatites will be members of a solid solution series having a specific 
Cl/F or Cl/(Cl +F) ratio. It was noticed by Green et al. (1985) that apatite FT ages of chlorine-rich 
volcano-sedimentary apatites from the Otway Basin in Australia approximate the actual depositional 
age the closest (figure 2.3), leading to the conclusion that chlorine apatites are more resistant to 
annealing than fluorapatites. This fact is corroborated by laboratory investigations. A supplementary 
factor having an influence on track annealing, is that the annealing process itself is anisotropic  
(Green et al., 1986 and 1988; Donelick, 1991). The latter effect is discussed later (section 2.5.8.2). 
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 Figure 2.3: Relationship of apatite composition (Cl contents) on the annealing 
characteristics and hence apparent fission track age of apatite samples from  the Otway 
basin (Australia). The depositional age of the apatites is shown in black, the composition 
of Durango apatite is indicated in grey as a reference (after Green et al., 1986). 
 
 
 
 
2.4. Fission track annealing in the geological environment: borehole studies 
 
Extrapolating results from laboratory FT annealing studies to geological timescales seems 
straightforward considering the linear character of the lines of equal FT retention in the Arrhenius 
diagrams. However it is of major importance to study the annealing behaviour of apatite in real 
geological conditions. Apatite samples from deep drill hole cores are an ideal subject for this 
purpose. Temperature increases with depth within the earth’s crust. The average geothermal gradient 
amounts to about 25 to 30°C/km. So samples from deeper down the drill hole should show greater 
degrees of in-situ FT annealing and exhibit shorter mean track lenghts and hence lower track 
densities. The apparent apatite FT age is expected to decrease farther down the drill hole. Naeser and 
Forbes (1976) and Naeser (1979 and 1981) were the first researchers to test and confirm these 
hypotheses investigating samples from boreholes in the United States (Eielson, Alaska; Tejon oil 
field, California; Los Alamos borehole, New Mexico and Coso, California). Gleadow and Duddy 
(1981) and Gleadow et al. (1983) soon followed with their research on AFT annealing in 
volcanoclastic sandstones from deep drill holes in the Otway basin in Southern Victoria, Australia. 
These researchers showed that apparent AFT ages clearly start decreasing at around 60°C until about 
125°C when a zero-FT age is reached. The mean confined FT lengths also gradually decreases with 
rising temperature down the boreholes. Moreover all borehole studies confirmed in principle the 
validity of the extrapolation of laboratory data to geological environments and timescales. In 
particular, borehole studies confirmed that annealing in the geological environment takes place in the 
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temperature range predicted from extrapolation of the laboratory models (Naeser, 1981; Gleadow and 
Duddy, 1981). As a consequence the divergence of the original annealing fans in the Arrhenius 
diagrams was corrected and reduced. The early borehole studies were corroborated by an extensive 
study of the 4 km deep KTB (Kontinentale Tiefbohrung der Bundesrepublik Deutschland) drill hole 
in the Variscan basement of the Bohemian Massif in Germany (Coyle et al., 1997). AFT data from 
this borehole shows a decreasing trend down the borehole (figure 2.4) into the higher temperature 
zones in the crust. This decline is manifest from ~60°C onwards. The FT ages gradually decrease 
until the tracks disappear completely at ~120-125°C where apatite samples show zero-FT ages. 
 
Even at low ambient temperatures FT repair in apatite takes places (e.g. Green, 1988), a process 
called ageing by Gleadow et al. (1983). Vrolijk et al. (1992) observed reduced mean track lengths of 
14.6 ± 0.1 µm from apatites from a deep-sea drill core that had an exclusively low temperature 
history. The samples are from a Cretaceous volcanoclastic sedimentary sequence at ODP site 800 
(East Mariana Basin). Heat flow modelling and shallow burial history at the ocean bottom indicates 
the apatites never experienced temperatures over 16-21°C after post-volcanic cooling during the last 
96 Ma. Yet there is clear evidence of FT length reduction. It is hence shown that, given time, even at 
low temperatures FT annealing occurs. This was also seen in apatite age standards as Durango. 
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 Figure 2.4: Decrease of apparent AFT age with depth from the 4000m deep KTB 
pilot drill hole (Germany; from Wagner and Van den haute, 1992). A more or less 
constant cooling age of about 65 Ma is observed in the upper part of the drill hole, 
until ~60°C (this is the Total Stability or Retention Zone, see text for discussion). 
The decrease towards a zero-AFT age attained at ~120°C becomes significant from 
60°C onwards (identifying the so-called Partial Annealing Zone, PAZ). 
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2.5. The concept of equivalent time and AFT thermal annealing models 
 
2.5.1. The concept of equivalent time 
 
The notion of equivalent time was first introduced by Goswami et al. (1984) and developed and 
tested by Duddy et al. (1988). The equivalent time concept as described by Duddy et al. (1988) 
allows to express a variable temperature FT annealing formalism for apatite on the basis of the AFT 
annealing model of Laslett et al. (1987) (see section 2.5.2). The equivalent time concept postulates 
that a track annealed to a certain degree (r) behaves during further annealing in a manner independent 
of the time-temperature (t-T) conditions that caused the earlier annealing, but only determined by r 
and the reigning (t-T)-conditions. 
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Figure 2.5: The principle of equivalent time for annealing in apatite at variable temperatures (Duddy et al., 1988). (a) 
Unannealed tracks (at starting position 0) are subjected to a temperature T1 for a duration of ∆t1 and subsequently to T2 for a 
duration of ∆t2 (until final position 3). (b) The annealing degree r1 after the first heating step (position 1) is obtained from 
the Arrhenius diagram when plotting the conditions of the first heating step in a point with co-ordinates (1/T1, log(∆t1)). At 
the start of the second step (position 2), the tracks still exhibit the r1 annealing degree. The time to achieve this degree of 
annealing at temperature T2 (opposed to ∆t1 for T1) is called the equivalent time teq. The annealing degree r2 achieved after 
both discrete heating steps (from position 0 to position 3) is obtained by heating the sample in one hypothetical step at 
temperature T2 for a duration (∆t1 + teq). The point (1/T2, log(∆t1 + teq)) in the Arrhenius diagram  gives the value for r2. 
 
So, if we divide a thermal event into a series of time-intervals ∆ti of constant temperature Ti, we can 
envisage that at the start of an interval with temperature Ti(t), a certain fission track has been 
shortened to ri-1 = li-1/lo during a former interval with duration ∆ti-1 at a temperature Ti-1 (figure 2.5). If 
this track had spent its entire previous history at temperature Ti, it would have achieved the degree of 
shortening ri-1 in an equivalent time teq, given by: 
 
 ln(teq) = A + B(ri-1)Ti-1 
 
At the end of the interval ∆ti, the cumulative FT shortening ri can then be calculated from a 
Arrhenius relationship: 
 
ln(teq + ∆ti) = A + B(ri)Ti-1 
 412.11general 
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2.5.2. The Laslett et al. (1987) annealing model 
 
Laslett et al. (1987) used the more precise r = l/lo retention for their annealing research (e.g. Green et 
al., 1985; Gleadow et al., 1986a) to describe laboratory annealing experiments on the mono-
compositional Durango apatite (e.g. Green et al., 1986). This research showed several shortcomings 
in the annealing models available at that time. As mentioned, borehole data showed that the chemical 
composition of the apatite plays a significant role in the annealing behaviour of the apatite and that 
the broad divergent fanning of lines of equal retention in the laboratory Arrhenius diagrams should 
be reinvestigated. Furthermore it became clear that the annealing process itself was much more 
complex than thought and that it cannot be described by a simple diffusion process and by first order 
kinetics (Green, 1988). Hence, as mentioned, the simple or multi- exponential laws (equation 2.6 or 
2.10) were considered an oversimplification of reality. The model put forward by Laslett et al. (1987) 
took al these new findings into account and proved able to fit their annealing data very well. The 
model is purely empirical and is not based on any a priori theoretical assumptions. 
 
 
2.5.2.1. Development of the model 
 
Straight lines of equal FT annealing or equal FT retention in an Arrhenius diagram can be 
represented in a general form as: 
 
 ln(t) = A + BT-1 
 
Where A and B are constants for a given r. As explained, the retention parameter used here is
and is a function of ln(t) and the reciprocal absolute temperature value: 
 
r = f{ln(t), T-1} 
 
As outlined by Green et al. (1985) we can expect a parallel or slightly fanning Arrhenius diag
the former case all iso-annealing lines have the same slope and B is constant for all r. The par
A can be regarded as a sole function of r and can be written as: 
 
A(r) = ln(t) – BT-1 
 
Equation 2.15 is constrained by the fact that if t = 0 and T = 0, there is no annealing and reten
complete, so r = 1. Laslett et al. (1987) show that the function A(r) should have the form of l
and thus that their parallel model in a general form can be written as: 
 
ln(1 - r) = co + c1ln(t) + c2T-1 
 422.13 r = l/lo 
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Whereby co, c1 and c2 are constants to be determined on an empirical and numerical basis by fitting 
of the available annealing data (Green et al., 1985). The parameterization of equation (2.16) is only 
valid when t is expressed in seconds, and T in Kelvin. In doing so they found that: 
 
2.17 ln(1 - r) = 3.87 + 0.219[ln(t) -19270T-1] 
 
Equation 2.16 gives the general form of the parallel Laslett annealing model, whereas equation 2.17 
gives the numerical model after fitting of the extensive Green et al. (1986) apatite FT annealing 
dataset. The fit of these data is statistically very good with a multiple correlation factor of 96.7%. 
 
In the case of a slightly fanning Arrhenius diagram, the slopes of the iso-retention lines represented 
by the parameter B in equation 2.13 should vary with the degree of FT annealing and hence should 
be a function of r. With this in mind, rewriting equation 2.11 gives: 
 
ln(t) = A(r) + B(r)T-1 2.18 
 
Further development of the fanning model involves the assumption that the iso-retention lines meet 
in a common point (to, To) where we can write an expression for the A-function as: 
 
2.19 A(r) = ln(to) –B(r)To-1 
 
In early experiments involving FT annealing in minerals and construction of fanning Arrhenius plots, 
it was already shown by Dakowski et al. (1974) that the aforementioned assumption is valid. 
 
Solving equations 2.18 and 2.19 for A(r) and B(r) yields: 
 
o
oo
TT
)]ln(tT[Tln(t)
−
−=A(r)  2.20 
 
and 
 
o
ooo
TT
Tln(t)]T)ln(t[TT
−
−=B(r)  2.21 
 
Laslett et al. (1987) show that the parameter To-1 = -3.1 × 10-6 K and consequently is near the zero-
point of absolute temperature (0 K). This gives a corresponding value of ln(to) = -28.27 in the 
Arrheniusplot. Given this, equations 2.20 and 2.21 can be simplified and equation 2.18 rewritten as: 
 
 B(r) = T[ln(t) + 28.27] 
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Fitting and statistical analysis of the experimental data yield an empirical numerical model in the 
general form of a power transform: 
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Again, co, c1 and c2 and also the powers α and β, are constants to be determined by fitt
available annealing data. Doing so with the Green et al. (1986) data in the same manner as 
parallel model, yields: 
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So, after data fitting, equation 2.24 gives the numerical fanning Laslett annealing model. Th
these data with this model is statistically very good as well and even slightly better than the 
parallel model, with the multiple correlation factor here being 98.0 %. 
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 Figure 2.6: Parallel and divergent Arrhenius diagram obtained from the Laslett et al. (1987) annealing mode
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Laslett et al. (1987) conclude that the rectilinear fanning model, described by equation 2.24, gives an 
adequate representation of the AFT annealing data at their disposal. Extrapolation of these models to 
geological timescales is presented in figure 2.6. It is clear that the very small differences at laboratory 
timescales are magnified by this extrapolation. The fanning might still be an artifact induced by the 
existence of small chemical composition differences (Laslett et al., 1987. It also should be noted that 
the apatite lattice itself is built by several different atoms altogether. Hence there might exist a 
difference between diffusion of displaced calcium atoms and of displaced phosphate atoms for 
example. An additional complicating factor is that track annealing in apatite and crystals in general, 
is shown to be anisotropic (Green and Durrani, 1977). 
 
 
2.5.2.2. Testing the Laslett model in geological conditions 
 
The FT annealing model by Laslett et al. (1987) is based on isothermal annealing data in apatite. The 
model was extended by Duddy et al. (1988) to deal with annealing in which temperature varies with 
time. This extension is is based on the principle of equivalent time as discussed in section 2.5.1. 
 
The Laslett et al. (1987) annealing model describes the FT annealing as a function, g(r) (a so-called 
Box-Cox transformation) of time and temperature as shown in equation 2.24: 
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In terms of equivalent time, (figure 2.5) teq and ri can be calculated from equations 2.12 and 2.2
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Duddy et al. (1988) performed laboratory heating and cooling experiments and predicted FT
reduction in apatite on the basis of the equivalent time concept. The statistical agreement b
predicted and observed confined track lengths is very good (figure 2.7). Using the equivale
concept Duddy et al. (1988) extended the Laslett et al. (1987) model from a purely isotherm
annealing model for apatite to a model capable of predicting FT annealing in apatite at v
temperature conditions. 
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Figure 2.7: Illustriation of data fitting for testing annealing models to experimental FT data. Symbols depict different 
annealing times (isochronical symbols) which are plotted in function of varying temperatures and resulting track length 
reduction (from Laslett and Galbraith, 1996b). Dotted lines fitted to this laboratory data describe the model functions. This 
example depicts fitting data from two apatites in the Laslett and Galbraith (1996b) paper. 
 
In this way, the Laslett et al. (1987) model is able to predict the mean confined FT length of an 
apatite sample, provided the (t, T)-history of annealing for that sample are given. Green et al. (1989a) 
tested this model for actual geological situations, thereby providing estimates for paleotemperature 
history of natural samples. It should be pointed out here that for the laboratory experiments at the 
basis of the Laslett et al. (1987) model, lengths of induced tracks were used for calculating l/lo. In 
geological samples spontaneous track lengths are investigated. Green (1988) however argued that 
this does not have an influence on the model equations. 
 
Using the described model and an appropriate thermal history or temperature-time (T, t)-path for 
apatite samples, Green et al. (1989a) were able to predict the apparent AFT age, mean confined 
fission track length and length distribution for that specific thermal history. These authors show the 
validity of this approach using so-called undisturbed volcanic apatites and undisturbed basement 
apatites (Gleadow et al., 1986a), they used well data by Gleadow and Duddy (1981) and Gleadow 
(1983) from the Otway basin. They also used experiments of heating, cooling and reheating to 
produce and predict bi-modal length distributions (Gleadow et al., 1986a). In this manner it was 
shown that thermal history reconstruction by forward modelling of AFT data was possible. 
 
On the basis of this lies the quantitative isothermal description of the AFT annealing by Laslett et al. 
(1987) and the subdivision of a thermal history curve in time intervals of constant temperature and 
using the equivalent time concept (Duddy et al., 1988). Small discrepancies in observed and 
modelled AFT data could be attributed to apatite compositional effects. For the model is based on 
Durango apatite (having a Cl/(Cl + F) ratio of about 0.1) annealing data by Green et al. (1986), while 
apatites in geological evironments will mostly show a range of compositions reflecting the solid 
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solution series between clorine and fluorapatite. Bearing this in mind the modelled results in the 
Green et al. (1989a) paper correlate very well with the independently established thermal histories. 
 
The Laslett model was worked out by Green into a software package, called Supertrack, which was 
able to perform forward AFT modeling. Later Green patented the software and further developed it: 
corrections for apatite composition were made and a multi-compositional kinetic model, AFTA® was 
subsequently written and extended to inverse modeling (see section 2.5.6) next to the original 
forward modelling approach. The AFTA® program demands an input of Cl-content of the 
investigated apatite sample and hence analytical chemical data on the samples is required. Thermal 
history solutions are extracted from data broken into discrete compositional groups, using separate 
kinetics for each group. This software is widely used in the FT research community to model their 
AFT data. In particular it is favoured by geologists in detrital apatite research to investigate thermal 
maturity of sedimentary basins and prospection of hydrocarbons (Green et al., 1989b). 
 
When reconstructing thermal histories with the Laslett et al. (1987) model, and indeed also with the 
other models discussed below, results tend to exhibit a late cooling event. Because this was identified 
in many cases this apparent cooling was dubbed the “Worldwide Recent Cooling Event”. It was soon 
recognized to be a modelling artifact with no geological significance. This artifact has to be taken 
into account and one should investigate if thermal histories showing late cooling events are in fact 
based on geological reality. Ketcham et al. (1999) argued that the initial mean track length (lo) 
parameter of 16.35 µm (measured by Green et al., 1986, on induced confined tracks) used in the 
model is too high. Natural samples rarely exhibit these high lengths. A characteristic “long” track in a 
natural fluorapatite is typically in the 14.0-14.6 µm range (e.g. in Durango apatite, Green, 1988). To 
achieve this length the apatite would require at least 20 Ma of constant heating at temperatures 
around 40 to 50°C according to the Laslett et al. (1987) equations for example. As a result, samples 
with mean lengths <15 µm (i.e. in fact the majority of natural apatite outcrop samples) have to show 
recent cooling to bridge the gap between the 40-50°C threshold to ambient surface temperatures. 
 
 
2.5.3. The Crowley et al. (1991) annealing model 
 
One of the first alternatives for the apatite FT annealing model by Laslett et al. (1987) was proposed 
by Crowley et al. (1991). These authors use laboratory isothermal annealing data on fluorapatite to 
construct a general FT annealing model. They use the annealing data from Green et al. (1986) on 
Durango apatite and additional annealing data obtained from two other; fluor-rich apatite samples. 
One is a fluorapatite from a norite complex in Iowa (USA), and the other is a Sr-fluorapatite from the 
Kola peninsula (Russia). Crowley et al. (1991) fit these data using four possible annealing equations 
corresponding to, (equation 2.13 for the simplest formulation), i.e. (1) a parallel linear form, (2) a 
parallel curvilinear form, (3) a fanning linear form, and (4) a fanning curvilinear form. The best fit of 
the data was obtained by making use of the fanning linear form and confirms the work by Laslett et 
al. (1987). Their empirical model can be described by: 
 
 47
Chapter 2: Thermal stability of fission tracks 
3
1
21
o CT
Cln(t)CCβ)α, −
++= −g(r;   
 
In equation 2.28, g(r; α, β) is a Box-Cox transform of r = l/lo as in equation 2.23 of the Lasle
(1987) model. The powers α and β, and the parameters Co, C1, C2 and C3 should be estimate
the annealing data. In fact equation 2.28 can be regarded as a generalized form of the fanning 
model described by equation 2.23. In “Crowley terms”, equation 2.23 can be rewritten as: 
 
g(r; α, β) = Co + C1Tln(t) + C2T 
 
With the generalized form by Crowley et al. (1991) as in equation 2.28, being an exten
parameter equation and fitting additional fluorapatite annealing data in respect to the Green
(1986) data set. 
 
Crowley (1993) developed a forward modelling program, Lenmodel, which makes use 
equivalent time concept by Duddy et al. (1988) to estimate AFT data for a user-supplied t
history. The forward model is in other words based on the semi-analytical solution of the an
equations for this given thermal history approximated by isothermal increments as outlined in
work (Crowley, 1985). 
 
 
2.5.4. The Laslett and Galbraith model 
 
Laslett and Galbraith (1996b) made a revision of the fanning Arrhenius annealing equati
Laslett et al. (1987) and Crowley et al. (1991). The basis of their model is the same as de
earlier, but they derive a six parameter equation in order to fit both the FT laboratory an
datasets by Green et al. (1986) and Crowley et al. (1991). They also specify an error structure
on two components of variance that should make a better estimate of the uncertainty of the m
results. The six parameter Laslett and Galbraith (1996b) model is given as: 
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Where µi is the mean of the FT length (l) distribution (considered to be a normal distribution)
apatite sample heated at temperature Ti for a time ti and µmax is the mean length of unannealed
It differs from the mean original track length (lo) as used in the first Laslett-model. In particula
represents the mean at exactly the moment of track formation. It is a value that takes track an
at ambient temperatures in the time span between irradiation and etching into account, an obse
made in the meantime by Donelick et al. (1990). Its value should be directly estimated from t
and not measured after irridiation and etching. In this way the initial mean track length is allo
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utilized. Tc and log (tc) are the co-ordinates of the intersection of the fanning iso-retention lines. The 
parameters co, c1 and λ are to be derived empirically and depend on the composition of the apatite. 
Laslett and Galbraith (1996b) find a good fit for all available data for λ = 1/3. 
 
 
2.5.5. The Carlson (1990) annealing model 
 
Another AFT annealing model was published by Carlson (1990). His objective for the model was to 
depart from purely empirical annealing models and to develop a model based on a physical 
description of FT annealing. He hence uses an alternative parameterization for his FT annealing 
model. Carlson (1990) states that the annealing mechanisms for fission tracks should bear 
resemblance to well-known and understood mineralogical processes as topotactic mineral 
transformations and O-diffusion in silicates. 
 
Carlson (1990) envisages a fission track as a zone of different defects, following to some extent the 
so-called Orsay model of the latent FT structure (Dartyge et al., 1981). The disrupted lattice zone 
around a latent FT is considered to be composed of a cylindrical core zone of certain width, wedging 
out toward the ends of the track (taper form). Over the entire length, there is a certain axial 
distribution of lattice defects and a radial defect distribution (which is approximated by a power-law 
function concentrating defects strongly near the radial center). During annealing, the defects are 
restored due to diffusional processes with a certain defect-elimination rate, which according to 
Carlson (1990) adheres to the physical laws governing the kinetics of topotactic mineral 
transformations. Hence this rate is constant over time, but depends exponentially on temperature. The 
restoration of the lattice due to repositioning of the lattice atoms, occurs both axially as well as 
radially and results in track length shortening and reduction of the track’s diameter. For geometric 
reasons, radial shrinkage of the taper-formed disrupted zone alone also produces axial shortening and 
in later stage of annealing, as the diameter is decreased radically, segmentation of the track arises. 
This produces so-called unethable gaps. 
 
From these physical laws, without testing to experimental data, Carlson derives following 
relationship between the length (l) of the track and its thermal history: 
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In which lo is the initial (unannealed length), k is Boltzmann’s constant, h is Planck’s constant, R is 
the universal gas constant, T is absolute temperature, and t is the time elapsed since the onset of the 
annealing episode. The variable τ is a dummy variable of integration over time. There are three 
quantities, n, A and Q to be determined by experimental measurement. These quantities however 
have a physical meaning: n is a power-law exponent quantifying initial radial deffect distribution (it 
is a positive real number smaller than 1), A is an empirical rate constant for axial track shortening, 
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and Q is the activation energy for atomic motions within the lattice (corresponding to Ea which was 
used earlier). 
 
For further stages of annealing Carlson extends the model by introducing a length parameter (which 
he calls las/sg) in terms of “l” in equation 2.31, designating the mean length of a population of tracks 
that have undergone both axial shortening and segmentation. Compositional effects for a given 
apatite would be reflected by the exact values of the n, A and Q parameters. Carlson argues that not 
the chemical composition as such is the driving factor influencing atomic repositioning, but it rather 
exerts an indirect impact via the total ionic porosity (Z) (e.g. Dahl, 1995). The ionic porosity is the 
percentage of the unit cell volume not occupied by ions. Therefore Z is dependent on the amount and 
nature of the ions and hence on the chemical composition. Anisotropy effects would be corrected for 
by establishing a parameter Aθ, being the shortening rate for a fission track at a certain angle θ to the 
crystallographic c-axis. The polythermal character of equation 2.30 implies that the concept of 
equivalent time should not be invoked in this model. 
 
Purely from theory Carlson (1990) finds an expression which closely resembles the isothermal 
parallel Laslett et al. (1987) model described by equation 2.14, which was: 
 
ln(1 - r) = co + c1ln(t) + c2T-1 
 
If we rewrite Carlson’s law for isothermal annealing (T = constant) we find: 
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Dividing equation 2.32 by lo and writing it in the logarithmic form, yields: 
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Or in a generalized form: 
 
ln (1-r) = co + nln(T) + c1ln(t) + c2T-1 
 
So, apart from a small temperature factor Tn (0 < n < 1) which Carlson attributes to a m
characteristic vibrational frequency factor, equation 2.34 has the same form as the equations d
in the Laslett and Crowley models (equations 2.15 and 2.29 respectively). 
 
Green et al. (1993) argued that the Carlson (1990) model is not a theoretical model, but also re
an empirical approach. An issue admitted by Carlson (1993), but still the model is rooted
explicit physical basis, leading Carlson (1993) to describe his model as semi-empirical. Never
the underlying physical meaning has not yet been fully established and Green et al. (1993) arg
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therefore the Carlson (1990) model is based on axiomatic postulates and is not proven to have a 
specific physical basis. Green et al. (1993) also criticized the model for not giving a good fit to 
laboratory data, and for providing no consistent extrapolation with established geological annealing 
rates. Hence these authors advized against the use of the Carlson (1990) model. 
 
 
2.5.6. Inverse modelling of FT annealing data 
 
Software has been developed for reconstructing thermal histories of rocks using AFT age and length 
data. The first programs were able to perform forward modelling (e.g. Crowley, 1985 and 1993; 
Green et al, 1989). Forward modelling involves providing the software with a geological reasonable 
thermal history (T-t-data) for the sample under investigation. The program then predicts the AFT 
data for a given thermal history by using the specific model equations. By trial and error, fitting the 
observed and predicted AFT-data is used to refine the user-provided thermal history and to 
reconstruct it in more detail. Inverse modelling of the AFT data, i.e. reconstructing unknown thermal 
histories on the basis of observed AFT is an even more powerful tool in thermochronology and in the 
early 1990’s the first methods were being explored (Lutz and Omar, 1991; Corrigan, 1991 and 1993; 
Jonckheere, 1992). The mathematical and statistical details of these models are clearly beyond the 
scope of this work, but a qualitative description of inverse modelling may be useful here. 
 
Corrigan (1991) outlines a stochastic inversion method to quantify the thermal history information 
contained in synthetic AFT-data generated by forward modeling of a given thermal history. The 
concept of the method is independent of the specific annealing model used, but the problem is 
addressed in the continuous form of variable temperature T(t) and is hence somewhat biased towards 
the Carlson (1990) model that does not rely on the principle of equivalent time (Duddy et al., 1988). 
Nevertheless, as Corrigan (1991) points out, the Laslett et al. (1987) annealing equations can be 
treated by the same method. The annealing model is generalized as: 
 
2.35 l(t) = f(B, lo, T(t)) 
 
Equation 2.33 describes the predicted etchable length (l(t)) of a fission track formed at time t as a 
function of the initial unannealed length (lo) of the thermal history of that track (T(t)) and of a set of 
parameters, grouped as B, which can be derived empirically and depend upon the annealing model 
used and upon the apatite composition. 
 
The nature of the dataset (FT age and FT length data) is nonlinear, nondeterministic and is associated 
with a significant degree of uncertainty characteristic of the FT method. As a consequence, the 
thermal history solution will not be unique and the goal of inverse modelling is to constrain a range 
of thermal histories compatible with the dataset. This is done by the so-called simulated annealing 
approach (Kirkpatrick et al., 1983) that is described as a kind of hybrid Monte Carlo optimization. It 
is a numerical method that relies on the input of a reasonable assumption of the expected thermal 
history. The algorithm recalculates the predicted AFT data and the resulting thermal history curve 
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until a good statistical agreement is obtained with the input of the observed AFT age and length data. 
This can be done using traditional goodness-of-fit statistics, such as calculation of χ2 for example. 
Because of the inherent non-uniqueness of the solution, several possible permissible thermal histories 
may produce the same AFT data, so instead of a specific thermal history curve, thermal history 
envelopes of most probable histories are calculated. The results are contour plots of the probability 
density of time-temperature space compatible with the provided AFT data, and can be interpreted as 
an estimate of the probability distribution of temperature at any given time. Corrigan (1991) defines 
such an algorithm and presents a set of optimization parameters and prior constraints on the time-
temperature space for inverse modelling by the Monte Carlo approach with the Carlson (1990) 
annealing equations. As was already reported by Green et al. (1989a), Corrigan (1991) also found 
that resolving thermal histories beyond a resolution smaller than 10°C is not possible given the 
various intrinsic uncertainties in the different steps of an AFT analysis. On the basis of the inverse 
algorithm presented here, several other computer modelling programs were developed for inverse 
thermal history reconstruction (Issler, 1996; Willet, 1997). 
 
 
2.5.7. The Monte Trax program 
 
The Monte Trax computer program was developed by Galagher (1995). It is a widely used software 
package for inverse thermal history modelling based on AFT data. The algorithm used shows some 
similarities to those described in the previous section, certainly in respect to the problem solving 
strategy. 
 
Typically, the inverse problem is addressed in terms of a misfit function between observed and 
predicted AFT data. The idea is then to minimize the misfit by applying numerical techniques 
(iterative Monte Carlo simulation e.g.) until a statistically acceptable or good fit is achieved. The 
Monte Carlo procedure generates the candidate (t, T)-paths that are then tested for their goodness-of-
fit. Gallagher (1995) inverts the problem. He defines a mathematical expression that iteratively 
should maximize the probability that a certain thermal history would yield the observed AFT data. 
Instead of a “misfit function” a “merit function” is defined. Mathematically this is equivalent to 
finding the thermal history that maximizes the log-function of the likelihood. This is the maximum 
likelihood approach. The log likelihood function mathematically describes the probability of 
obtaining the specific observed AFT data. Finding a thermal history that maximizes this function 
then corresponds to maximizing the probability of obtaining this data given that particular thermal 
history. The log likelihood function (L) should incorporate all aspects of an AFT dataset. This dataset 
consists of a series (j) of FT counts, Ns for the spontaneous tracks, and Ni for the induced tracks, and 
a series  (k) of track lengths, l. Gallagher defines L as: 
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Where ρs is the predicted spontaneous track density and ρi the predicted induced track density. P[lk] 
is the probability of obtaining that particular confined track length bin. 
 
As in previous cases, the program, later named Monte Trax, actually consists out of two steps. A first 
step identifies a general thermal history that provides a reasonable fit to the observations. The second 
step is a refinement of that thermal history until a “best fit” option is found by maximization of the 
log-likelihood. Again, because of the non-uniqueness of the solution, a range of good fits will be 
attained, and so probability density envelopes can be calculated. 
 
The first step consist of defining time-temperature (t-T)-points on the basis of a priori geological 
knowledge. These t-T-points are then connected by line segments by the program in order to have an 
initial thermal history curve. The program searches the t-T-space for possible thermal histories 
defined by the constraints and identifies the form or trend of the thermal histories that fit best to the 
data input. This can be done using a stochastic numerical method such as a Monte Carlo method, but 
Gallagher (1995) uses so-called genetic algorithms. Genetic algorithms are a special class of Monte 
Carlo methods that are very efficient for optimizing non-linear problems as is the case for FT 
annealing and reconstruction of thermal histories (Gallagher and Sambridge, 1994). Unlike random 
Monte Carlo, in which all models are independently generated and calculated, genetic algorithms 
uses information of the previously obtained set of candidate solutions to identify model types that are 
more successful in predicting the observed data. Continued iteration of this approach eventually leads 
to a general form of the thermal history to be reconstructed. 
 
The second step uses the best thermal history generated by the genetic algorithms for a general 
thermal history to be used as a start-off model. This model is then improved using a numerical 
technique, i.e. the Powell’s method. This is a multi-dimensional line search technique in which each 
(t, T)-point is taken in turn and a one-dimensional line search is performed to find a maximum in the 
L-function. The discrete (t, T)-points are the model parameters that are being refined and a 
confidence region around them is calculated by this systematic line search method. At each stage of 
this search the program re-optimizes all other model parameters to find the maximum likelihood 
model. 
 
Gallagher (1995) used synthetic AFT data provided by forward modelling of a known thermal history 
curve using the Laslett et al. (1987) annealing equations. When using other annealing models he 
found the same overall thermal history solution, but the Laslett model yielded the best fits. The 
modelling strategy (to some extent trial and error) favoured, consists of starting with a minimal 
number of (t, T)-points to constrain the general model form and if needed, to progressively add points 
until observed and predicted AFT data show no significant discrepancies.  
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2.5.8. The Ketcham et al. (1999) annealing model and the AFTSolve program 
 
Ketcham et al. (1999) developed an empirical, multi-kinetic FT annealing model and accompanying 
thermal history modelling software, AFTSolve (Ketcham et al., 2000) on the basis of extensive 
multi-compositional apatite annealing data of Carlson et al. (1999). It takes into account several 
aspects of AFT annealing such as chemical composition of the apatite (Carlson et al, 1999), 
crystallographic orientation of the fission tracks (Donelick, 1991 and Donelick et al., 1999) and FT 
annealing of apatite even at low ambient temperatures (Donelick et al., 1990; Vrolijk et al., 1992). 
Although it was recognized earlier that compositional and crystallographic orientation effects play a 
significant role in FT annealing in apatite, the Ketcham et al. (1999) model is the first one to actually 
quantify and incorporate model parameters to that effect. The model is able to handle different 
kinetic apatite populations, i.e. apatites having different annealing kinetics, simultaneously. These 
characteristics can be quantified by using specific kinetic parameters (see next section). Although 
statistical tests (e.g. Green, 1981) and statistically based graphical devices (e.g. Galbraith, 1990) can 
be used to distinguish between age populations, the multi-kinetic annealing model portrayed here 
distinguishes between kinetic populations. The model quantifies and uses sample specific kinetic 
parameters to model the AFT data, rather than using a (mono-kinetic) model based on the annealing 
behaviour of a single apatite standard as Durango for example. In this way the thermal history 
information contained in each kinetic subpopulation can be resolved separately. This enhances the 
resolution of thermal history reconstruction on one hand and avoids that two or more distinct 
subpopulations are mixed and obscure each other’s individual data. Of course this is of great 
importance when studying clastic apatites in sediments, but samples containing kinetically different 
apatites have been recognized in crystalline rocks as well (O’Sullivan and Parrish, 1995). 
 
 
2.5.8.1. Experimental results 
 
The Ketcham et al. (1999) model is founded on a large dataset of 408 laboratory annealing 
experiments conducted on 15 different apatites, covering the whole range of possible apatite 
compositions, even including various types of cationic substituted specimens (Carlson et al., 1999). 
The dataset contains experimental results on apatites that were used in earlier annealing studies, such 
as Durango apatite (Green et al., 1986) and Tioga apatite (Donelick, 1991). All samples are 
characterized in terms of composition and homogeneity. As the most influential chemical marker, the 
chlorine-content (Cl) is especially of interest (e.g. Green et al., 1986). Track lengths were measured 
on horizontal confined (TINT) tracks and their angle to the crystallographic c-axis was determined. 
In addition, the so-called Dpar parameter was determined. Dpar is the mean maximum diameter of FT 
etch figures on prismatic surfaces of the hexagonal apatite crystals (Burtner et al., 1994). These etch 
figures are the cross-section of the FT etch pits with the etched apatite surface. Their maximum 
diameters are parallel to the c-axis. Dpar depends on de etch rate, which is material dependent. It can 
be viewed as an indirect measure of composition in the same way as Carlson (1990) uses total ionic 
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porosity (Z) as explained in section 2.5.4 for example. In analogy with Cl, Dpar can therefore be used 
to characterize a specific kind of apatite in terms of its annealing behaviour (figure 2.8). The 
relationship between the observed and modeled FT lengths and the Cl and Dpar kinetic parameters 
respectively was determined and used to construct the Ketcham et al. (1999) multikinetic model. As 
an illustration of the broad range of annealing behaviour of apatites, Carlson et al. (1999) found 
closure temperatures of 81°C for an end-member hydroxy apatite sample, to over 200°C for Bamble 
apatite (a chlor-hydroxy apatite from Bamble, Norway) that was found to be the most resistant to FT 
annealing. 
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2.5.8.2. Crystallographic orientation effects 
 
The effect of crystallographic orientation on FT length in the Ketcham et al. (1999) annealing model 
for apatite is based on the work presented in a companion paper by Donelick et al. (1999), which in 
turn is largely based on earlier work by Donelick (1991). The latter author developed the so-called 
elliptical model for fission-track lengths in apatite exibiting low degrees of annealing. This is an 
equation expressing the mean etchable AFT length ( ) at an angle θ
iθl i to the crystallographic c-axis 
as a function of the corresponding radius of an ellipse with maximum and minimum semi-axes, 
respectively, the mean track length parallel (lc) and perpendicular (la) to the c-axis. In polar co-
ordinates, the AFT length at an angle θi is given by the equation for the elliptical radius: 
 
2
c
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i
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l
θcos
l
θsin +θl i =   
 552.38Figure 2.8: Linear relationship between the original 
unannealed mean track length in apatite (lo,m) and the etchpit 
diameter on planes parallel to the c-axis (Dpar). Both can be 
used as so-called kinetic parameters in the Ketcham et al. 
(1999) annealing model. (from Donelick et al., 1999). 
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Donelick et al. (1999) confirm and extend this elliptical model to all degrees of annealing. The 
authors also conclude that the process responsible for FT length anisotropy in the laboratory 
experiments is also operative over geological time scales as well. The length anisotropy increases as 
the degree of annealing increases. The elliptical model seems to hold well until mean lengths of 
about 11 µm are reached. At higher degrees of annealing tracks at high angles to the c-axes 
experience, accelerated length reduction. This phenomenon was attributed by Green et al. (1986) to 
the process of track segmentation. The extension of the elliptical model for highly annealed tracks 
exhibiting evidence of accelerated length reduction is quantified by determining a threshold angle 
(θair) to the c-axis above which accelerated length reduction dominates. Using their experimental 
data, the following empirical relationships were established by Donelick et al. (1999): 
 
la = 1.632lc – 10.879 2.39 
 
θair = 0.304e0.439lc 2.40 
 
2.41 a1 = 0.1035θair – 2.250 
 
In equation 2.41 a1 represents the intercept of an accelerated-length-reduction fission track with an 
axis perpendicular to the c-axis (in other words, the intercept with the axis along which la is 
measured). 
 
 
2.5.8.3. The multi-kinetic annealing model 
 
The multi-kinetic model by Ketcham et al. (1999) was established on the basis of experiments in 
which apatites of different composition were annealed simultaneously. In this way it was ensured that 
the apatites have all experienced the same thermal treatment. Care was taken to guarantee identical 
etching conditions. The relationship of one apatite to another at laboratory time scales can then be 
expressed as: 
 
κ
mr0
mr0mr
r1
rr




−
−
lrr =  2.42 
 
Where rlr and rmr are the reduced lengths of the apatites that are less resistant and more resistant to 
annealing respectively. The parameters rmr0 and κ are empirically fitted parameters. In particular, rmr0 
is the reduced length of the more resistant apatite at the point were the less resistant apatite first 
becomes totally annealed. Ketcham et al. (1999) found that equation 2.42 appears to describe the 
annealing behaviour of any pair of apatites, both with respect to mean length as to c-axis projected 
length data (as described by Donelick et al., 1999). 
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Furthermore it was found that: 
 
 rmr0 + κ ≈ 1 
 
A single equation can now be used to describe the most-resistant apatite, and then calculated
pairs can be used to infer the behaviour of the less-resistant apatites. Rather than having to m
all possible apatite compositions, it is sufficient to create functions that relate the measurable 
parameters (Dpar and Cl) to rmr0 and κ values. The most resistant apatite from the Carlson et al.
data set is the Bamble apatite as mentioned earlier. Its annealing behaviour was found
adequately described by: 
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With rc,mod being the modelled reduced length of a FT parallel to the c-axis (Donelick et al.
after an isothermal annealing event at absolute temperature T and of duration t. So, r
lc,mod/(lc,mod)o where the lengths are c-axis projected track lengths modelled according to the ex
Donelick et al. (1999) elliptical model. Equation 2.42 for the B2 apatite has the general “Bo
form” g(r; α, β) = f(t, T, Ci) as used in many annealing models (Laslett et al., 1987; Crowley
1991; Laslett and Galbraith, 1996b) and was obtained empirically by minimizing the misfit b
the g and f functions by use of numerical methods (Ketcham et al., 1999 used conventio
statistics).  
 
The model presented by Ketcham et al. (1999) was not only chosen to describe the Carlso
(1999) laboratory annealing data but also was adopted to adhere to geological benchmark cond
The model is able to describe the high temperature annealing behaviour exhibited by the ne
member fluorapatites from the Otway Basin bore holes (e.g. Gleadow and Duddy, 1981; Green
1989b), as well as the ambient low temperature annealing as observed by Vrolijk et al. (199
the laboratory data the model approximates a slightly fanning Arrhenius form, but extrapol
geological time scales the best fit is obtained by a slightly curvilinear form of the iso-retentio
The authors suggest the physical properties of the defect-elimination model as outlined by C
(1990) as an explanation for this observation, although they acknowledge other physical pro
might be at work. 
 
As mentioned earlier, it is sufficient to relate measurable kinetic parameters to the model para
to construct this multi-kinetic annealing model. Given the Carlson et al. (1999) data, Ketcham
(1999) obtain for the Cl and Dpar kinetic parameters: 
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2.45 1.834 1.75)(D 0.647 pare1 −−−=mr0r  
 
and 
 
2.46 1.834 )1 Cl (1 2.107e1 −−−−=mr0r  
 
Where Dpar is in µm, Cl-content of the apatite is reported in atoms per formula unit (apfu). Once rmr0 
is determined, equation 2.43 is used to calculate κ and the model equation 2.42 can be completed. A 
third kinetic parameter which can be used and for which equations are at hand is OH-content. 
Nevertheless Ketcham et al. (1999) point out that the uncertainties concerning OH are far greater 
than for the other two parameters. In addition to estimating the length reduction of a kinetic FT 
population after an annealing episode, it is also necessary to estimate the natural spread of lengths 
that will be observed. The Ketcham et al. (1999) model uses modelled standard deviations given by 
Donelick et al. (1999). An empirical function is provided for use of mean FT lengths and c-axis 
projected FT lengths: 
 
2.47 σm = 0.02858(lm)2 – 0.8733lm + 7.464 
 
and 
 
σc,mod = 0.008452(lc,mod)2 – 0.2442lc,mod + 2.312 2.48 
 
Using the equations above, the multi-kinetic model will calculate a length distribution with a mean 
length and standard deviation that can be compared to the observed mean length and standard 
deviation. The equations 2.45 and 2.46, relating kinetic and model parameters is specific to the 
apatite etching conditions used by Carlson et al. (1999), which are 20s in 5.5M HNO3 solution at 
21°C. Researchers using the multi-kinetic model should use these exact conditions as well, or should 
derive similar equations based on their data and etching conditions. 
 
 
2.5.8.4. The AFTSolve program 
 
AFTSolve is a computer program developed by Ketcham et al. (2000) based on the Ketcham et al. 
(1999) FT annealing model for apatite. Both forward and inverse modelling is possible. Next to the 
Ketcham et al. (1999) equations that are set as default, other annealing models can be used, which is 
a great advantage of this program. In particular the annealing equations of Laslett et al. (1987) and 
Crowley et al. (1991) can be chosen. Input of AFT data is straightforward for both FT length and age 
data. When using the Ketcham equations, the program also requires input of kinetic parameters (Cl or 
Dpar). The program subdivides discrete apatite grain populations on the basis of these kinetic 
parameters. Because of the specific etching conditions used by Carlson et al. (1999), the program 
allows to change coefficients related to equations 2.45 and 2.46 for different methodologies. The user 
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can adapt the program computing to 252Cf TINTs (Donelick and Miller, 1991) if they were used in 
the determination of the observed FT length distribution. If desired AFTSolve calculates a vitrinite 
reflectance corresponding to the AFT data. 
 
For a given (t, T)-history, AFTSolve approximates continuous track formation by subdividing the t-
T-path into discrete isothermal steps. This is based on so-called optimal time step size selection 
(Issler, 1996). This is the so-called staircase approximation of the (t, T)-history, based on the concept 
of equivalent time (Duddy et al., 1988). The amount of annealing achieved in each time step is then 
summed over the entire thermal history, using a specific weighting factor (w). The w-factor takes 
into account relative track generation within each time step, observational bias and relative track 
retention by using an empirical function that relates measured FT length to measured FT density 
(Green, 1988). Furthermore, w is the product of the length of the time step and the average relative 
uranium concentration. In this way a track length distribution is predicted by the model. In addition, 
AFTSolve calculates the pooled FT age that would be obtained for a particular (t, T)-path. This is 
done by assuming that each time step of size ∆tj contributes that specific amount to the total FT age, 
modified for the track length reduction of the population in that time step relative to the age standard 
(Willet, 1992) used for determining the observed AFT age. So, the modelled age (tAFT,mod) is then 
given by: 
 
tAFT,mod = ρS-1Σjρj∆tj  
 
With ρS the estimated FT density reduction in the age standard, ρj the FT density reduction f
step j with duration ∆tj (assuming FT density reduction is lineary proportional to FT 
reduction). The program default reduction for the standard is set to 0.893 for Durango apatite
based on an observed mean spontaneous FT length in Durango of 14.47 µm (Donelick and 
1991) and a mean spontaneous FT length of 16.21 µm (Carlson et al., 1999). AFTSolve allows
adapted age standard reduction value. The ρj-values are calculated by the program for each tim
∆tj. 
 
In the inverse modelling algorithm, candidate thermal histories are generated by AFTSolv
user-entered constraints. These are fixed (t, T)-intervals (with time fixed) in the (t, T)-spac
extremes, a high T starting point and an ambient low T are a minimal requirement to be defi
the user. The user can add additional constraints that further restrict the candidate thermal hi
Supplementary nodal points are produced along the (t, T)-path between two user-entered cons
The nodal points are equally spaced in time, in sets of (2n - 1), where n is an integer speci
AFTSolve by the user. Naturally, these supplementary nodes are restrained to the temp
extremes defined by the bracketing user-entered constraints. The user can impose maximum c
or heating rates in all segments of the (t, T)-path and can force them to be monotonic or not. 
 
The thermal history numerical searching algorithm can be chosen by the user from either a trad
Monte Carlo method or a so-called Contrained Random Search (CRS) technique as presen
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Willet (1997). The latter is advized when the search space is ill-constrained, while the former is 
better for mapping out probability density envelopes in well-confined situations. The number of 
iterations can also be defined The statistical merit function that tests the degree of fit between the 
predicted AFTdata and the observed data is a so-called Kolmogorov-Smirnov (K-S) test for the 
length distribution, mean length and standard deviation, and a K-S based test for the individual single 
grain AFTages and the corresponding predicted and observed apparent pooled age (Ketcham et al., 
2000). In this way, AFTSolve calculates (t, T)-envelopes that contain all individual paths that pass 
the statistical criteria and conform to the user-entered constraints. A broader envelope of acceptable 
fits (5% limit, K-S value of 0.05) and a narrower envelope of good fits (50% limit, K-S value of 0.5) 
appear in the AFTSove program output. The best fitting (t, T)-path is shown as a single curve within 
the good fit envelope. 
 
Ketcham et al. (2000) suggest a general modelling strategy to be followed to ensure successful use of 
the AFTSolve program. First, a general thermal history can be generated by the program by fixing 2 
constraints: the ambient (low surface or bore hole) temperature at time 0 and a high temperature 
ensuring total annealing at an initial point in time, guestimated from geological evidence. In 
subsequent runs the user can then define more constraints pursuing the general trend of the initial 
thermal history model or additional (t, T)-constraint evident from geological knowledge of the 
investigated area. Successive modelling by imposing or relaxing constraints will eventually refine the 
reconstructed thermal history until satisfactory results are obtained. 
 
 
2.6. Fission track analysis as a thermochronological tool 
 
2.6.1. General aspects 
 
As soon as laboratory annealing studies were carried out and track annealing models were developed, 
it was attempted to extrapolate the results to geological environments and geological time scales and 
to apply these findings to develop a thermochronological tool based on FT analysis. Track length 
analysis was found to be a powerful tool to reconstruct thermal histories. 
 
The shape of the FT length distribution, the mean track length and the standard deviation all provide 
information about the thermal history to which a sample was exposed. Progressive annealing results 
in a shorter mean track length (lm), and also causes the FT length distribution to become broader, thus 
increasing the standard deviation (σ). This was shown by e.g. Green et al. (1986) and Gleadow et al. 
(1983) for laboratory annealed apatites as well as for deep drill hole samples. Gleadow et al. (1986a) 
and (1986b) found that freshly induced fission tracks in apatite exhibit a narrow, symmetrical 
distribution (figure 2.9a) centered around a lm value of 16.3 µm with a σ of 0.9 µm. Undisturbed 
volcanic type samples, i.e. all apatites which cooled down fast after formation (like volcanic apatites) 
and were thereafter never affected by thermal events, also show a narrow, symmetrical distribution 
(figure 2.9b), but with a shorter lm of 14.0 to 15.7 µm and σ between 0.8 and 1.3 µm. Undisturbed 
basement type apatites are characterized by slow cooling, reflecting the stable tectonic conditions of a 
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cratonic basement for example, not affected by thermal events. Intrusive and metamorphic rocks 
slowly cooled to ambient surface temperatures are typical for this type. Apatites extracted from these 
rocks have a somewhat broader length distribution (figure 2.9c), negatively skewed (due to old tracks 
formed at transitional temperatures between total annealing and total retention), with lm between 
about 12.5 and 13.5 µm and σ between 1.3 and 1.7 µm. Mixed distributions (figure 2.9e) are 
characteristic of apatites with a thermal overprint. FT populations have then accumulated during two 
(or more) events. When these populations show no resolution, they form a mixed distribution with lm 
generally  < 11.5 µm and σ around 2.0 µm. Apatites with mixed length distribution have a mixed age 
with no geological significance. When a mixed distribution is resolved into two distinct populations, 
a bimodal distribution (figure 2.9d) is obtained. It is typified by lm < 13µm and σ > 2µm. These 
mixed distributions are more common in sedimentary apatites. An AFT age alone can be interpreted 
in a number of ways in most cases, but the confined track length distribution allows to place firm 
constraints on the meaning of the apparent age. Figure 2.10 gives an overview of lm versus σ plots 
(Gleadow et al., 1986a). 
 
 
 
Figure 2.9: Track length distributions of confined fission tracks in apatite. (a) Fresh induced tracks, (b) distribution for so-
called undisturbed volcanic type apatites, (c) undisturbed basement type apatites, (d) bimodal distribution due to two 
distinct and well-resolved length populations (linked to a thermal event) within an apatite sample, and (e) mixed distribution 
(after Gleadow et al., 1986). 
 
 
 
The advances in the FT methodology on the issue of track length analysis confirmed and refined two 
important aspects in FT thermochronology. These are firstly the closure temperature concept and 
secondly, the Partial Annealing Zone concept. 
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 Figure 2.10: Mean track length (lm) versus standard deviation (σ) trends 
for outcropping crystalline basement rock-apatites (dark grey shading), 
sedimentary apatites (light grey shading) and laboratory annealing data on 
Durango apatite (intermediate shading) (after Gleadow et al., 1986). 
 
 
 
 
 
 
2.6.2. The closure temperature concept and cooling ages 
 
Dodson (1973) and (1979) defined the closure temperature (TC) associated with a steadily cooling 
isotopic system as the temperature at the time given by its apparent age. In this case, this is the 
apparent AFT age. Amongst others, James and Durrani (1986) devized a numerical method to 
calculate FT closure temperatures. 
 
Most geochronological systems have a high- and a low-temperature state. In the high-temperature 
state, daughter products (in this case, fission tracks) cannot accumulate because diffusion (in this 
case, FT annealing) at these temperatures is too high. In FT terms, this high-temperature threshold is 
defined by the minimum temperature of total annealing (TA) on a geological time scale. In the low-
temperature state, loss of daughter products (annealing and shortening of fission tracks) is negligible 
and accumulation or retention is complete. This low-temperature state is defined to set in when a 
temperature threshold of total retention (TR) is reached. In fact, for the case of fission tracks, because 
annealing continues even at ambient temperatures (Donelick et al., 1990; Vrolijk et al., 1992), total 
retention in geological conditions is not attained. Therefore Wagner and Van den haute (1992) 
defined TR as the temperature above which the annealing rate increases markedly. There also exists a 
transitional state between both extremes, marked by a partial loss of daughter products (annealing 
and shortening of fission tracks). TC is situated within this transition zone. In this respect, FT dating 
can be regarded to yield a cooling age, i.e. time passed since the mineral (apatite) cooled below a 
certain closure temperature. It should also be noted that TA,C,R are not a constant, but vary in function 
of the cooling rate; the higher this rate, the higher TA,C,R. Because apatites in nature can in principle 
undergo multi-phase thermal histories in the upper parts of the Earth’s crust, these samples are not 
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characterized by a single cooling rate. Wagner et al. (1977) defined the TC for FT dating as the 
temperature at which 50% of the tracks are retained/annealed. For normal, constant cooling rates of 
around 10°C/Ma, Wagner and Van den haute (1992) listed several TC-values cited in the literature for 
apatite and propose the value of 100 ± 20°C. These authors also cite values for TR and TA for apatite. 
These values depend on the composition (more specifically, the annealing properties) of the apatite 
and its cooling rate. In general, for the most prevalent types of apatite (fluorapatites) and given 
normal cooling rates, it is commonly accepted that TR is about 60°C and TA about 120°C to 125°C. 
These values are confirmed by borehole data (figure 2.4). AFT data in general will give information 
on paleotemperatures of up to 125°C (Gleadow et al., 1986a). Owing to these low crustal 
temperatures, AFT analysis has become an important tool in low temperature thermochronology. 
 
 
2.6.3. The Partial Annealing Zone concept 
 
Between the TA and TR temperature limits as defined above, a transitional zone exists where tracks 
are partially stable, i.e. they are formed and retained, but affected by temperature and hence 
shortened. In the geological environment, in the Earth’s stable crust, these temperature states are 
reflected by three distinct depth zones. As described by the geothermal gradient, temperature 
increases with increasing depth. This results in a top crustal zone where fission tracks are considered 
stable and completely retained. This is called the Total Retention Zone (TRZ) or Total Stability Zone 
(TSZ). It is bounded by the ambient surface temperature at the top and an isotherm at depth 
corresponding to TR as defined in the previous section (~60°C for apatite). Because of this retention, 
FT density from samples within this zone will increase with time. The lower crust bounded at the top 
by the isotherm corresponding to the total annealing temperature (TA ≈ 120°C for apatite) is the Total 
Annealing Zone (TAZ). Track accumulation is not complete in this zone. The crustal section between 
these two extremes (TR and TA) is called the Partial Annealing Zone (PAZ) or Partial Stabilty Zone 
(Wagner, 1972). The TC isotherm is located somewhere in the centrally in the PAZ. 
 
The Apatite Partial Annealing Zone (APAZ) is bounded by the ~60 and ~120°C isotherms. Given a 
normal geothermal gradient of about 30°C/km, this corresponds to the depth interval between 2 and 4 
km in the crust (figure 2.11). Apparent AFT ages will consequently date the time at which the sample 
passed through the APAZ, and more specifically, through the TC isotherm. Because in the APAZ 
tracks are partially annealed, they are shortened and the probability of intersecting the etched apatite 
surface decreases, hence the AFT age decreases and does not date the time at which bottom APAZ 
temperatures were reached. This prompted the use of the effective TC concept corresponding to a 
50% track retention isotherm in a stable crust (Wagner et al., 1977). This 50% value of Wagner et al. 
(1977) entails that TC ≈ 90°C in the APAZ for cooling rates of the order of magnitude of 10°C/Ma. 
The cooling age obtained in this manner can be interpreted by knowledge of the exact cooling history 
of the sample as it passes the APAZ; information which is contained in the length distribution. Of 
course independent geological information on the thermal history is of great help, but it may not 
always be available. In this respect four cooling models can be envisaged (Wagner, 1981; figure 
2.11). 
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 Figure 2.11: Potential cooling paths, T(t), and resulting apparent AFT ages of rocks cooling down through the
Partial Annealing Zone (PAZ). The lower PAZ boundary for apatite, under which retention is 0% (r = 0), is at
about 120°C, or at about a depth of 4km in the crust, given a geothermal gradient of 30°C/km. The upper limit,
above which retention of tracks is 100% is at 60°C or 2 km depth. The closure temperature, TC, lies in the PAZ,
around 100°C. (1) Rapid cooling through the PAZ resulting in a formation or “fast cooling event” age tf. (2) Slow
cooling through the PAZ and TC, recording a cooling age, tc. (3) A moderate thermal overprint, taking apatites
back in PAZ temperatures without erasing al pre-existing tracks, leading to a geological insignificant mixed age
tm. (4) Intense thermal overprint, resetting the AFT clock completely; fast cooling afterwards registers the time of
the thermal event, tt. 
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(1) In the case of fast cooling through the APAZ, an apatite formation age (tf) can be determined 
when the apatite crystallizes from a melt as in volcanic apatites for example (used e.g. in 
tephrochronology). In general this case will date the rapid cooling event responsible for the youngest 
movement of the apatite from the APAZ bottom through the entire APAZ (figure 2.11, case 1). The 
rapid cooling implies an insignificant amount of partial track annealing. These samples will yield an 
undisturbed volcanic type AFT length distribution as was defined by Gleadow et al. (1986a) and 
(1986b). 
 
(2) When the apatite sample cools down slowly through the APAZ more tracks are partially annealed 
and the time when the apatite sample passed the TC isotherm in the crust gives the cooling age (tC) of 
the apatite (figure 2.11, case 2). This thermal history will correspond to an undisturbed basement type 
length distribution. It is typical for crystalline basement rocks, where it may be caused by denudation 
of overlying strata for example. 
 
(3) When the sample experienced a short thermal event that was not sufficient to reset the AFT 
thermochronometer completely, the thermal overprint will result in mixed ages (tm) without 
geological significance and a mixed or bimodal length distribution (figure 2.11, case 3). This thermal 
event can be linked to sedimentary or tectonic burial, circulation of hot fluids or even a meteorite 
impact (Gleadow et al., 1986b). 
 
(4) When this thermal event is intense enough, it might reset the AFT thermochronometer completely 
by annealing all pre-existing tracks and hence erasing the pre-existing thermal record of the sample. 
If cooling after the thermal event is fast enough, a thermal age (tt) or the age of the thermal event will 
be obtained (figure 2.11, case 4). If it is followed by slow cooling, a cooling age as outlined in (2) is 
dated. 
 
 
Because the above described concepts are dependent on the cooling rates and the apatite annealing 
behaviour, there is no discrete closing temperature at which fission tracks suddenly become retained 
in apatite (or other minerals for that matter). But for more or less linearly cooling systems, an 
effective AFT closure temperature of 100 ± 20°C is a reliable assumption (Wagner and Van den 
haute, 1992). For more complex cooling systems, the PAZ concept forms a firm base for AFT data 
interpretation. In this work we use an APAZ bounded by the 120 and 60°C isotherms, but reported 
values range from 120 to 140°C for the high temperature limit and 40 to 70°C for the low 
temperature limit (Wagner and Van den haute, 1992). 
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2.7. Geological interpretation of apatite fission track ages 
 
2.7.1. Cooling through denudation 
 
As outlined above (and disregarding the possibility of a mixed age), an AFT age (tAFT) will represent 
a cooling age of the mineral and hence of its host rock. Its value will give an immediate estimate of 
the mean cooling rate (uc) the sample experienced: 
 
 uc = (TC – To)tAFT-1 
 
Where TC is the effective closure temperature at cooling age tAFT, and To is the ambient 
temperature of the sample. 
 
 
When investigating orogenic systems, tectonic uplift is a main cause of cooling, but uplift alon
not cause cooling as the thermal structure of the rock column remains unaffected. It is a
denudation of the uplifted rock mass that disrupts the isotherms and causes the cooling
denudation can be of erosional or of tectonic origin. However, uplift does not necessarily
immediate denudation, and vice versa (Summerfield and Brown, 1998). However, when t
reason to believe that uplift is followed by denudation at a comparable rate, and provid
geothermal gradient (dT/dx) stays constant, an uplift rate (ux) can be established: 
 
ux = uc(dT/dx)-1 
 
 
In this case tAFT will date the uplift of the rock column as it passed through the TC isothe
geological time scales there might exist a non-negligible time lag between uplift and uplift-i
denudation and subsequent relaxation of the isotherms (figure 2.12). When there is no indep
geological control on the fact whether there was an uplift event in the investigated region, it i
safer to interpret AFT ages in terms of cooling and denudation rather than uplift. Conversely, 
events may be interpreted by tectonic burial due to thrust movement or, in a sedim
environment, by subsidence and sedimentary burial. Because the study areas dealt with in thi
are located in active orogenic belts, the interpretation of AFT data will specifically fo
tectonically induced denudation and cooling. 
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Figure 2.12: Cartoon illustrating the relationship between uplift, denudation and cooling of a crustal column with respect to 
the sea-level (in absence of isostatic adjustment). 
 
 
2.7.2. Denudation, exhumation and uplift 
 
From the previous it has become obvious that AFT cooling ages, even obtained in active 
mountainous regions, should not automatically be interpreted as being the result of tectonic uplift. In 
the past it has been assumed on several occasions that all episodes of accelerated denudation arise as 
a direct, and essentially geologically contemperaneous, response to tectonic uplift events. 
 
 
The word uplift refers to an opposite displacement of rocks or a surface with respect to the gravity 
vector in a fixed reference framework. The earth’s geoid for example, or the mean sea level, provided 
one corrects for eustatic sea level changes. In a tectonic context, a surface is the interface between 
rock and air (or water) of at least 103-104 km2 according to England and Molnar (1990). Surface 
uplift and rock uplift refer to, respectively, vertical displacement of the earth’s surface or of rocks 
relative to the earth-geoid or mean sea level framework. Rock uplift can be either driven by tectonic 
forces or isostasy. Surface uplift refers to changes in mean surface elevation over an extensive area 
(103-104 km2). Displacement of rocks with respect to the surface is called exhumation (e.g. England 
and Molnar, 1990; Abbott et al., 1997) or denudation (Summerfield and Brown, 1998), with the latter 
term preferred in FT thermochronology. Sometimes differentiation is made between both terms, in 
the sense that denudation refers to the vertical component of rocks moving to the surface, while 
exhumation is a vector in the sense of the actual rock mass movement. Both vectors do not 
automatically have the same sense, as is illustrated in figure 2.13. 
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Figure 2.13: Cartoon showing the difference between the exhumation vector (E) and the denudation vector (D). Denudation 
is (only) the vertical movement of rocks with respect to the surface. The exhumation vector can be inclined with respect to 
the surface as illustrated in the figure by a thrust nappe movement. Depth and distance are in arbitrary units. 
 
 
Surface uplift is the main factor measured in order to retrieve information about the tectonic forces 
acting in mountain belts (England and Molnar, 1990; Abbott et al., 1997). Tectonic uplift is used 
when the driving force for the uplift movement is of tectonic origin. In the majority of the cases 
tectonic uplift is achieved by crustal thickening with a horizontal shortening obeying plate tectonic 
rates (Harrison, 1994). All tectonic processes are driven by the force of gravity in the presence of 
density differences. At the largest scale of plate motion, this is manifested by circulation and 
convection in the mantle (England and Molnar, 1990). These density differences are compensated 
isostatically, and the consequent lateral variations of the average vertical normal stress on vertical 
planes are referred to as the driving force (England and Molnar, 1990). 
 
Measuring rock uplift involves measuring the change in vertical position of a certain point with 
respect to the fixed reference level. This can be done using GPS data for example. A cooling age, 
measured with a geothermometer such as AFT analysis, on the other hand, gives information on the 
timing of denudation, when the rocks move relative to the surface, through the isotherms in the crust. 
These relative movements can still be triggered by tectonic uplift, but other explanations are also 
possible. For example, climatically controlled base level drops by drainage pattern shifts or eustatic 
pulses, or extensional tectonics and downfall of blocks are just as reasonable (see figure 2.14). 
Measurement of tectonic surface uplift rates however can only be achieved in rare cases (Abbott et 
al., 1997). 
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 Figure 2.14: Uplift and denudation in a vertical reference frame (arbitrary units). 
(a) Initial situation of two different tectonic blocks (after Summerfield and 
Brown, 1998). (b) Uplift and denudation of one block with respect to the fixed 
reference frame. (c) Base level drop (e.g. due to downfall of a block) resulting in 
denudation of the adjacent block with same vertical dimensions as the previous 
case. (d) Extensional tectonics (e.g. a rifting process) can result in base level 
change and denudation of both adjacent blocks. (e) differential uplift (e.g. horst-
graben structure) results in different base levels and internal drainage of parts of 
the uplifted terrain. 
 
 
 
 
 
 
 
Denudation entails the removal of surface material by means of climatic or tectonic erosion. Removal 
of this surface material implies removal of mass from the crustal section of the lithosphere, creating a 
density disequilibrium that is then compensated by isostatic rebound. Hence it does not necessarily 
cause the mean surface elevation to depart from its isostatically balanced level. Denudation rates 
therefore tell nothing about surface uplift rates (England and Molnar, 1990). Moreover, high 
elevation in itself is not a major influential factor for high denudation rates. Actually the elevation 
differences seen over a certain horizontal distance (relief) play the key role in this issue. Relief is 
chiefly dependent on fluvial or glacial incision and hence is also climatically controlled (Sugai and 
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Ohmori, 1999). On the other hand, changing relief in combination with isostatic rebound may well 
induce so-called isostatic uplift of mountain summits or ridgetop uplift (figure 2.15). For example, 
this process is responsible for as much as 20 to 30% of the uplift of peaks in the Himalayan orogen 
(Montgomery, 1994). The isostatic component is due to erosional unloading of a certain rock column 
and can be specifically related to river incision in many cases, which in its turn can be linked to 
climatic changes sometimes induced by the growing orogen itself (Willett, 1999; Peizhen et al; 2001; 
Hartshorn et al., 2002). 
 
 
Figure 2.15: Isostatic uplift of mountain peaks in response to valley incision (after Montgomery, 1994). (a) Initial situation 
of a lithospheric column with crustal material, having a density ρc, and a mantle section with density ρm. Its initial elevation 
above sea level is Hi.(b) Valley incision (∆E) lowers the mean elevation to Ho, but mountain peaks rise above Hi due to 
isostatic rebound (I). (c) Further erosion, which does not alter the landscape topography or relief, lowers both mean 
elevation as it does mountain peaks. 
 
In general we can evaluate the contribution of the isostatic rebound as (Brown, 1991): 
 
 E∆IUTH∆
ρρρρ ++=  
 
H∆
ρ
represents the absolute elevation difference between the initial situation (prior to tectonic
and the present situation (after tectonic uplift). TU
ρ
 is the tectonic uplift vector, perpendicul
reference level (the geoid), having a positive sense upward. I
ρ
 is the isostatic rebound comp
also positive upward. E∆
ρ
 is the denudation vector, which has a positive sense downwards. No
the initial and present elevations can be measured with respect to sea level, but that eustatic
may have occurred (figure 2.16). The tectonic uplift component can however only be reso
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from paleobotanical data or the presence of marine sequences in the rock column under investigation 
(Brown, 1991). 
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 Figure 2.16: Backstacking concept showing the relationship between tectonic uplift (UT), denudation (∆E) and 
isostatic response (I) as described by Brown (1991). Ho is the present-day elevation of a surface (3) with respect to 
the present sea level (2). Hi is the paleo-elevation of the rock column with respect to the palaeo-sea level (1). ∆H is 
the elevation difference between the palaeo-surface and the present surface, ∆Hsl is a sea level change (see text for 
further elaboration). 
 
 
 
 
Furthermore there is an additional denudational (sometimes called, erodibility) response to lithology 
to take into account. A further complication lies in the fact that many of the processes mentioned 
above are in an intricate dynamic interaction; large scale surface uplift for example may cause 
climatic changes, which in turn will change erosion rates and hence denudation rates. Uplift of the 
Tibetan Plateau is a marked illustration of this fact, imposing a drastic change of atmospheric 
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circulation patterns in Asia, resulting in a wet monsoonal climate in South East Asia and arid 
conditions in Central Asia. 
 
Clearly mountain belts represent uplifted surfaces of the earth’s crust. They can obviously only attain 
a high mean elevation if there is a certain time lag between an crustal uplift and a responding 
denudation. In this respect orogens may exhibit a varying morphological sensitivity, with broader 
ranges exhibiting longer time lags between uplift and denudation response because larger parts are 
internally drained (Summerfield and Brown, 1998). In any case, major tectonic events are often 
followed by regional episodes of accelerated erosion (e.g. Willett, 1999; Peizhen et al., 2001; Braun, 
2002). 
 
This implies that tectonic interpretation of AFT data in terms of uplift and mountain building is not a 
straightforward procedure and should involve incorporation of additional geological data. However it 
is clear that AFT data are a potentially useful tool in various fields of earth sciences, with climate and 
landscape evolution and assessing tectonic hazards being a promising new application of AFT as a 
thermchronometer (Burbank and Anderson, 2000). Table 2.1 places the AFT thermochronometer in 
the broader perspective of low-temperature thermochronology. 
 
Table 2.1: List of isotopic systems applied to several minerals used in low-temperature thermochronology. TC refers to their 
closure temperature. 
Isotopic System Mineral TC (°C) Reference 
Muscovite 360 ± 10 
Biotite 300 ± 20 
40Ar/39Ar 
K-Feldspar 150 - 300 
McDougall and Harrison (1988) 
Sphene 300 ± 20 
Zircon 220 ± 20 
FT 
Apatite 100 ± 20 
Wagner and Van den haute (1992) 
Zircon 180 ± 20 (U/Th)-He 
Apatite 60 ± 20 
Wolf et al. (1998) 
 
 
 
2.7.3. Steady state isotherms and topography 
 
As explained elsewhere, thermochronometers, like the AFT clock e.g., will give a cooling age, i.e. 
the time at which a rock column moved in the crust relative to a thermal reference frame. More 
specifically, the time when these rocks passed a certain retention threshold (the closure temperature 
isotherm) will be dated. The thermal reference frame is a set of isotherms within the crust, described 
by the geothermal gradient and with an upper boundary fixed to the earth’s surface, described by the 
surface topography. During a period of relative tectonic quiescence and erosional stability, the 
surface topography typically has a regional wavelength and amplitude such that even low-
temperature steady-state isotherm-planes in the crust are relatively parallel to the surface. AFT ages 
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will decrease with increasing depth through the APAZ until a zero-AFT age is obtained around the 
120°C isotherm. The AFT ages will then typically depict a PAZ profile as will be explained in the 
next section. According to O’Sullivan and Brown (1998) there might be a non-negligible effect of 
surface cooling on the position of the isotherms with respect to that surface, that may have a 
significant influence on the AFT ages of outcrop samples. These authors infer Miocene climatic 
cooling to interpret AFT cooling data obtained from Alaskan apatite samples. Considering the 
uncertainty of the annealing equations in respect to recent cooling events in thermal history 
reconstruction (see section 2.5), the Alaskan “cooling” might be based on a modelling artifact. 
Whatever the correct interpretation, these authors have shown the sensitivity of the structure of low-
temperature isotherms in the upper crustal section. 
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Figure 2.17: Acive erosion, possibly due to an uplift event (U) creates topography, at elevation zo and with surface 
temperature, TS. This will perturbes the isothermal structure of the crust, especially affecting low-temperature isotherms, TL 
(at depth z1), which will follow the surface topography in a dampened fashion. Under peaks (y1) the isothermal structure 
will be stretched with respect to the normal situation (yo), while under valley floors (y2) the isotherms are condensed. High-
temperature isotherms (TH) deeper in the crust (at depth z2) will remain unaffected. A vertical profile of AFT samples 
(black dots) for example will hence be vertical to the isotherms instead of cross-cutting them as would be the goal of 
vertical AFT profiling. 
 
 
When however there is no steady state situation and hence no balance between erosion and rock 
movements (a possible effect of tectonic activity e.g.) the eroding topography will have an important 
influence on the steady-state isotherms (Stüwe et al., 1994). The developing topography will perturb 
the isotherms by diffusion advection of heat. This thermal perturbation by the finite topography will 
 73
Chapter 2: Thermal stability of fission tracks 
decrease exponentially with depth (Braun, 2002) and hence especially the low-temperature isotherms 
will be affected. They will follow the surface topography in a dampened fashion (stretched under 
hills or mountainpeaks and compressed under valley floors for example) while deeper in the crust the 
isotherms will retain their flat planar shape (figure 2.17). It is then clear that this issue is of 
significance for AFT data interpretation. In particular, using a low-temperature thermochronometer 
as AFT and/or when in fast eroding areas, a plot of age versus elevation or depth (see next section), 
can significantly overestimate denudation rates according to Stüwe et al. (1994), Brown and 
Summerfield (1997), Moore and England, (2001), and Braun (2002). Braun (2002) argues that the 
sensitivity of the slope in age-elevation plots to relative relief change is a strong function of the 
wavelength of topography and the rate of surface landform changes. Stüwe et al. (1994) modelled 
that the perturbation affect for AFT data (perturbation of the 100°C isotherm) becomes significant 
(up to 1 km) for denudation rates larger than about 500 to 1000 m/Ma, and for topography with 
amplitudes exceeding 3km and wavelengths exceeding 20km. 
 
 
2.7.4. Horizontal profiles and age-elevation profiles 
 
In the thermo-tectonic application of the AFT method, sampling is done over a widespread region, 
preferably along horizontal profiles perpendicular to the regional structural features. This sampling 
strategy may yield different AFT data, even when sampled at more or less similar elevations. 
Different AFT ages may then be either interpreted as the result of differential denudation, possibly 
due to differential movements along certain fault planes, possibly even differential uplift. An 
alternative interpretation is based on regional variation in the geothermal palaeogradient (figure 
2.18). 
 
 
Age-elevation (or age-depth profiles) are also a useful tool in AFT thermochronology. Usually a 
geological age increases with depth, as is the case for a stratigraphic column for example where the 
stratigraphic age increases with depth (the principle of superposition). However, FT ages from 
crystalline terranes behave conversely in most cases; they decrease with depth, or increase with 
elevation as apatites higher in the rock column cooled down through the TC isotherm earlier than 
those in lower positions. This trend can hence be clearly observed in vertical (depth or elevation) age 
profiles. In FT thermochronology it can therefore be useful to follow a double sampling strategy, 
namely to sample both vertical and horizontal profiles. A vertical profile can be sampled from a deep 
drill hole, or it can be an elevation profile where large elevation differences exist over relatively short 
horizontal distances ensuring that all samples belong to the same tectonic block. 
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 Figure 2.18: Varying AFT ages from horizontal profiles can be interpreted in a tectonic fashion (a) 
caused by differential denudation, possibly linked to differential fault movements. They can also be 
explained by a regional differential geothermal gradient (b). AFT age vs. elevation in an orogenic terrane will yield a linear trend of increasing age with 
g elevation in most cases. The slope (θ) of the curve is a direct estimate of the denudation 
he study area over the time interval given by the AFT age. Although AFT data may 
ate the rate in certain cases as discussed in the previous section. Given the geothermal 
(which is assumed constant), this can be linked to a cooling rate. Such a denudational profile 
 during steady cooling/denudation of the vertical rock column (figure 2.19a). The AFT clock 
nning when the rocks pass through the TC isotherm, whereby this isotherm is fixed at a 
 depth. When the cooling event is rapid, the cooling rate will induce a steep slope for the 
AFT age profile. When the slope is steep enough, in other words, when the cooling is rapid 
a near vertical line can be obtained in the age-elevation plot (figure 2.19b). The intercept 
age axis in this case will approximate the cooling event (tf) of the apatite, or more generally 
, the rapid cooling age as outlined in case (1) of section 2.5. Steady, slower cooling or rapid 
an be implied independently from the AFT length data (Gleadow et al., 1986a and 1986b) as 
ribed in section 2.3. After a period of stability following a rapid uplift event, and provided 
re is no subsequent cooling or denudation, in other words, when the region is in 
ctonic stability, a typical PAZ profile can be observed. Characteristic is a steeper upper part 
or less constant age and a less steep lower portion under the break-in-slope, approaching a 
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zero AFT age (figure 2.19c). The PAZ is bordered in the profile by the zero AFT age and the break-
in-slope. 
 
θ 
 
 Figure 2.19: (a) Age-elevation plot giving a denudational profile. The slope 
(θ) can give a true or apparent denudation rate (see text for discussion). (b) 
In case of rapid cooling the slope in an age-elevation plot will be steep, 
almost vertical. The intercept with the time-axis in this case will yield a 
formation age (tf). (c) When the crust is in thermal stability (tectonic and 
denudational quiescence) a PAZ profile develops in an age-elevation (or 
depth) plot; an upper part reflecting the Total Stability or Retention Zone for 
fission tracks, and a lower zone of decreasing FT ages in the PAZ as track 
annealing reaches higher and higher degrees. 
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In most cases however, changes in thermal regime due to thermal events will affect the age profile 
and more complex trends will develop. In some situations these can still give valuable 
thermchronological information. Wagner and Van den haute (1992) give an overview of resulting 
age-elevation plots from possible combinations of thermal events. One is of particular interest to this 
study. It is the case of the so-called “uplifted PAZ profile” (Gleadow and Fitzgerald, 1987; Wagner et 
al., 1989). The designation “uplift” to AFT cooling data of course should be approached with caution 
as it is actually denudation that causes the cooling under constant geothermal conditions. 
 
The “uplifted PAZ profile” is created in a two-stage cooling history (figure 2.20). A first stage is one 
of thermotectonic stability that allows a typical PAZ profile to develop (figure 2.19c). In a second 
stage a cooling event sets in, resulting in a new PAZ within the crust and a shift of the former PAZ 
profile upwards in respect to the new, present PAZ. This relative upward shift is in fact a downward 
shift of the crustal isotherm-structure linked to thermal and/or tectonic events. In the case of 
tectonics, denudation, possibly induced by relative surface uplift can be responsible for the cooling. 
The fact that the “uplifted PAZ profile” is observed, does however imply that denudation has not 
been sufficient to have removed the entire section of the ancient PAZ profile and can hence imply a 
net surface uplift. So, depending on the amount of denudation and the intensity and timing of onset of 
the younger cooling event, lower parts of a fossil PAZ can presently be observed. Rocks with 
resident apatites at the boundary between the former PAZ and TAZ (having a zero AFT age at the 
time when the former PAZ conditions were in place) now, in the present conditions, are able to retain 
fission tracks. They are then located within the present PAZ or even in the TRZ. The zero AFT age 
adapted to the new conditions will be achieved in apatites further down the rock column in respect to 
the former zero AFT age apatites. In this manner it is possible to distinguish two PAZ intervals (a 
fossil and a present PAZ) in an age-elevation plot, each bounded by a break-in-slope in the plot (see 
figure 2.20). At present conditions that could mean that a fossil PAZ signature can be observed in 
rocks at a certain elevation, while the present PAZ would be observed at depth. Each section of the 
age-elevation plot will have experienced a different portion of the total cooling history and samples 
from these sections will hence possess a characteristic AFT length distribution. 
 
Gleadow and Fitzgerald (1987) and Fitzgerald and Gleadow (1990) observed the base of a fossil PAZ 
in apatite samples from the Transantarctic Mountains (figure 2.20). Their age-elevation profiles are 
composed of a lower, steeper part, starting at around 50 Ma, and characterized by a narrow AFT 
length distribution with mean lengths above 14 µm, and an upper, more gently sloping part with a 
broader length distribution and mean length in the order of 12 to 13 µm. These authors interpreted 
the lower section as reflecting a Cenozoic rapid uplift-induced denudation of the Transantarctic 
basement. The upper section is believed to display a characteristic (fossil) APAZ signature with 
mixed AFT ages and length distributions. The break-in-slope between both segments is interpreted as 
the base of the fossil APAZ and approximating the onset of what Fitzgerald and Gleadow (1990) call 
“uplift” of the Transantarctic Mountains. In general, the break-in-slope occurs at approximately the 
time at which cooling began (Brown, 1991). Later these “uplifted PAZ profiles” were also 
recognized and described in other study areas (e.g. Fitzgerald et al., 1995, in the Alaska range and 
Fitzgerald et al., 1999, in the Pyrenean orogen). 
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 Figure 2.20: Top: AFT age-elevation profile from Gleadow and Fitzgerald 
(1987) from samples from the Transantarctic Mountains. A clear break-in-slope 
is observed around 50Ma, dividing the plot in a steep lower part and a more 
gentle sloping upper part. The latter is the lower section of an uplifted PAZ 
profile (see text for more details). The lower part reflects a ~50Ma rapid 
cooling event. Bottom: Theoretical concept of the uplifted PAZ profile (after 
Wagner and Van den haute, 1992) after a period of thermal stability. An 
uplifted block retains its inherited fossil PAZ “memory”, while a present, new 
PAZ is developing (see text for explanation). 
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CHAPTER 3 
 
CALIBRATION PROCEDURES 
 
 
 
 
3.1. Irradiations 
 
3.1.1. Irradiation packages 
 
For this study a total of five irradiations (I to V) were carried out. For each irradiation an irradiation 
package was assembled. Each package consisted of a number of apatite mounts stacked in a 
cylindrical irradiation container or rabbit. In the stack, mounts of apatite age standards embedded 
together with glass fluence monitors, were arranged in an evenly spaced fashion. This allowed to 
interpolate the track density values arising from the glass fluence monitors for all samples and to 
determine the neutron flux gradient within one package. Totalled over the five irradiations the large 
number of age standards enabled determination of an accurate ζ-calibration factor (see section 
1.7.2.1). On the top and bottom and in some cases also in the middle of each package, absolute metal 
activation monitors were placed for the determination of the absolute thermal neutron fluence. 
Circular foils (0.5 cm or 1.0 cm in diameter) of diluted Al-Au and Al-Co alloys were used. 
 
After irradiation, the packages were left until radiation levels dropped below the safety thresholds. 
Then the packages were disassembled. The mica ED was taken off each mount and etched in a 40 or 
48% HF solution at 20 to 25°C for 20 to 45 minutes (depending on the type of mica: table 3.1) to 
reveal the induced fission tracks. 
 
Table 3.1: Etching conditions for the mica external detectors for each of the five (I to V) irradiations performed 
Irradiation HF concentration Temperature Etch time Mica type 
I 48% 25°C 20 minutes Jahre 
II 40% 20°C 45 minutes Goodfellow 
III 40% 20°C 45 minutes Goodfellow 
IV 40% 20°C 45 minutes Goodfellow 
V 40% 25°C 35 minutes Goodfellow 
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3.1.2. Irradiation facility 
 
All irradiations for this work were done in the Thetis research reactor of the Institute of Nuclear 
Sciences (INW) of the University of Gent (Belgium). The Thetis reactor (figure 3.1) is a small 250 
kW research reactor containing light water and graphite blocks as a moderator. It has 17 irradiation 
channels. Channel 8 is predominantly used for FT purposes because it is the best thermalized channel 
in the reactor as it is at the largest distance from the reactor core. During the last decade the neutron 
flux in this channel gradually dropped from ~1.6 × 1011 cm-2 s-1 to ~1.0 × 1011 cm-2 s-1. As a 
consequence the fluence that can be achieved during a single irradiation dropped to 2.5 × 1015 cm-2 
(for a maximal irradiation time of 7 hours), which can be rather low for certain cases where the ED 
method is used. Four of the irradiations for this study were carried out in channel 8, and one in 
channel 7. Both irradiation channels meet the requirements for thermalization as put forward by 
Green and Hurford (1984) and Van den haute et al. (1988). As mentioned, channel 8 has a present 
nominal neutron flux (ϕ) of 1.0 × 1011 cm-2 s-1; for channel 7 this value amounts to 1.7 × 1011 cm-2 s-1. 
The epithermal/thermal flux ratio (ϕepi/ϕth) is 1/163.5 for channel 8 and 1/116 for channel 7. The 
samples were irradiated for 4 to 6 hours depending on the channel used. 
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. Figure 3.1: Schematic plan of the Thetis nuclear research reactor at the INW (Institute 
of Nuclear Sciences at the University of Gent). Numbered dots indicate irradiation 
channels. In this work channels 7 and 8 were used (after Moens, 1981). 
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Detailed studies over many years of irradiations in the Thetis research reactor has resulted in a 
reliable methodology for the accurate determination of absolute neutron fluences, with a relative 
error of 2.5%. 
 
Table 3.2: Irradiations performed for apatite FT analysis of samples from the Altai and Tien Shan mountain belts. I to V 
represent the irradiation number, their dates and irradiation time (ti) are given. TC is the irradiation channel used in the 
Thetis reactor, de flux ratio of epitermal to thermal neutrons for the channels is listed. Au en Co are the number of these 
metal activation monitors included in the specific irradiation package, DUR and FCT represent the number of mounts of 
apatite age standards (DURango and Fish Canyon Tuff) that were included in the irradiation. Finally the mean calculated 
thermal neutron fluence for each of the irradiations is presented. 
 
 Date ti (min) TC ϕepi/ϕth Au Co DUR FCT φm (neutrons/cm2) 
I 26/03/1999 405 8 1/163.5 3 3 5 2 2.782 × 1015 
II 20/03/2001 310 8 1/163.5 2 2 7 2 1.647 × 1015 
III 09/10/2001 360 8 1/163.5 3 2 5 2 1.977 × 1015 
IV 09/10/2001 226 7 1/116 3 2 6 0 2.088 × 1015 
V 11/04/2002 405 8 1/163.5 3 2 4 2 2.244 × 1015 
 
 
3.1.3. Performed irradiations 
 
The description and details (the number and type of apatite age standards, metal activation monitors, 
U-doped glasses) for each of the five irradiations that were carried out are listed in table 3.2 and a 
schematic representation of the standards and monitors as well as of the apatite samples in the 
irradiation packages for each of these irradiations is given in figure 3.2. 
 
 
3.2. Absolute thermal neutron fluence determination with metal activation monitors 
 
3.2.1. Principles 
 
As discussed in section 1.7.1.2, the thermal neutron fluence can be determined by measuring the γ-
radiation of co-irradiated metal activation monitors. In this study Au and Co foils (diluted in Al to 
avoid self-shielding effects) were simultaneously used as monitors. Both monitors are certified 
reference materials for neutron dosimetry. The Au-monitor is a 0.1 mm thick (Al-0.1wt%Au)-foil 
certified as reference material IRMM-530 (Ingelbrecht et al., 1991; De Corte et al., 1995b and 1998) 
by the Institute for Reference Materials and Measurements of the European Commission. The Co-
monitor is a 0.1 mm thick (Al-1.0%Co)-foil certified as reference material IRMM-528R (De Corte et 
al., 1995b) by the same institute. When irradiated in a nuclear reactor these metals experience the 
following (n,γ)-reactions: 
 
197Au + n → 198Au → 198Hg + β- + γ (Eγ = 411.8 keV) 
59Co + n → 60(m)Co → 60Ni + β- + γ (Eγ = 1173.2 and 1332.5 keV) 
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Figure 3.2: Schematic diagram of the five irradiation packages prepared for this study. The apatite mounts represented here 
correspond to 1.0 cm × 1.5 cm  rectangles or 1.9 cm ∅ circular discs, all of about 1.0 to 1.5 mm thickness. Details of each 
irradiation are listed in table 3.1. See text for explanations of the metal and glass dosimeters and the apatite age standards. 
 
The monitors included in the irradiation packages are circular foils punched from a larger sheet. 
Their diameter ranged from 0.5 to 1.2 cm. Each circular foil has a certain total mass (mtot) and 
contains a specific weight percentage of the monitoring metal (1.00 ± 0.02 % for Co and 0.1000 ± 
0.0006 % for Au in our case as cited above). 
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So, for example, for a Co-monitor, mmon= mCo =  mtot/100, while for the Au-monitor that would be, 
mmon = mAu = mtot/1000. Consequently, the number of atoms (N) of the metal monitor isotope is given 
by: 
 
 N = mmonNaθ/M 
 
Na is Avogadro’s number (Na = 6.02252 × 1023 atoms.mol-1). The parameter M is the atomic
of the element and θ is the isotopic abundance for the specific isotope. As Au and Co are
isotopic: θ = 1 for both metals. 
 
During the irradiation a certain fraction of the nuclei is activated and because these active i
will start disintegrating at a certain rate (given by the decay-constant, λ), the number of a
metal nuclei at a certain moment of irradiation can be written as: 
 
dN/dt = mmonNaθσϕ/M - λN 
 
In this equation σ represents the cross-section (definition see section 1.5) of the activation r
Solving this differential equation for the total duration of the irradiation involves, first integr
between a value of 0 (no active isotopes at the start of irradiation) and No (the amount o
isotopes at the end of irradiation) and, second integrating time (t) between 0 at the start of irr
and ti, which is the total irradiation time (figure 3.3). Considering these constraints and assum
flux is constant, we can write down the number of activated metal monitor nuclei at the en
irradiation as: 
 
No = λ-1(mmonNaθσϕ/M)(1-e-λti) 
 
In this equation the factor (1-e-λti) is called the saturation factor (S). 
 
The activity (A) is defined as the number of active isotopes times the disintegration constan
isotope or: 
 
A = -dN/dt = λNo 
 
So, the activity of the fluence monitor at the end of the irradiation is given by: 
 
Ao = λNo = (mmonNaθσϕ/M)(1-e-λti) 
 
If the (γ) activity of the fluence monitor at the end of irradiation is measured precise
relationship above can be solved for ϕ and the neutron flux can be calculated. H
measurement of the activity is performed a certain time after irradiation. The time period betw
end of irradiation and the start of activity measurement is called the decay time (td). 
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For example, after a particular decay time, at time t1, the activity of the monitor will already have 
dropped to a value A1 (figure 3.3). Furthermore, the measurement in itself takes a certain period of 
time, the measuring time (tm), during which the activity continues to decrease. The relationship 
between the measured activity (Am) and the original activity (Ao) is illustrated in figure 3.3 and can 
be written as: 
 
∫ += md
d
t t
 t
λt-
o
1-
mm dteAtA   
 
t0
A0
Am
A1Ti
Td Tm
tmti td
 
 
 
 
 
 
Figure 3.3: The γ-activity (A) of a metal activation monitor as a function of time (t). At 
the start of the irradiation (point 0) the activity is 0, after a total irradiation time of ti, 
the activity reaches a maximum of Ao, after which it decreases due to decay of the 
active isotopes. After a delay time, td, and during a certain measure time, tm, a time-
integrated activity of Am is measured by means of γ-spectrometry. 
 
After integration, equation (3.6) becomes: 
 
)e(1
λt
eAA m
d
λt
m
λt
o
m
−− −=  
 
or: 
 
mλt
mλt
o Ae1
λteA
m
d
−−=  
 
In this manner we can define two factors for correcting the measured activity to its origina
right after irradiation: as the decay factor (D) anddλte−
m
λt
λt
e m−−1 as the counting factor (C). 
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Determining the value of Am involves measurement of peak areas (Np) in a γ-spectrum recorded with 
a γ-spectrometer through a Ge(Li) detector. This peak area is determined with appropriate software. 
Parameters specific for the detector and the measurement system used influence the shape of the peak 
and thus should be taken into account. The relationship between Np and Am is defined as: 
 
mγp
p
m tδ)I(1ε
N
A −=  
 
 
In which εp represents the so-called peak detection efficiency. The value of εp depends on the
and intensity of the γ-radiation (Eγ and Iγ) and on the particular set-up of the detector (the shap
activated monitor and the measuring distance from the detector to the monitor). For each poss
up, the value of the detection efficiency is determined by calibration on the basis of ana
standard γ-sources with known energy. When registering γ-pulses, the detector and co
measuring system need a certain time to analyze and process the pulse. During this time, 
called dead time, no other pulses can be recorded. A detector and measuring system is th
equipped with a so-called dead time stabilizer, an electronic correction circuit that ensures 
measuring time is corrected and dead time is added to the measurement. Depending on the ac
the measured isotope, a dead time stabilization factor (δ) can be imposed on the detec
measuring system. The δ-factor is expressed as a fraction of the measuring time tm, so 0 ≤ δ ≤
the measurement of low to moderately active samples δ can be set to 0 and measurement
performed in live time. 
 
Summarizing the above, we can write down following expression for the γ-peak area for th
isotope measured with a γ-spectrometer in function of the neutron flux during irradiation: 
 
[ ]mγp
m
λt
λtλtamon
p tδ)I(1ελt
)e(1)ee(1σ
M
θNmN
m
di −−−=
−−−ϕ  
 
An additional correction should be applied however. As stated in section 1.6, thermal, epither
fast neutrons contribute to the total neutron flux in a reactor. The epithermal neutrons a
capable of activating the metal monitors, so a correction for the contribution of epithermal n
has to be worked out. Even in a well-thermalized irradiation channel an epithermal neutr
contribution has to be taken into account. We can split up the factor σϕ in the last equatio
thermal part and an epithermal part: 
 
(σϕ)tot = (σϕ)th + (σϕ)epi  
 
or: 
 
(σϕ)tot = σoϕth + Ioϕepi 
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In the latter equation we rely on the so-called Høgdahl convention for calculating the neutron fluence 
(see Bellemans, 1996 for a recent and detailed account). The σo-factor is the cross-section for the 
specific isotope for reaction with neutrons having a velocity of 2200 m s-1. The 2200 m s-1 value 
corresponds to the velocity of thermal neutrons at their most probable energy (0.0253 eV) in the 
Maxwell-Boltzman distribution (see section 1.6; figure 1.9). Io is the resonance integral for 
epithermal neutrons (see section 1.6). The thermal and epithermal neutron flux are represented by ϕth 
and ϕepi respectively. In the Høgdahl convention they actually represent the so-called subcadmium 
and epicadmium fluxes. Because of the specific absorption properties for low-energy neutrons of Cd, 
the metal is used to define the flux of thermal and epithermal neutrons. Neutrons with energies 
smaller than ~0.55 eV are almost completely absorbed by Cd. This is the so-called effective Cd cut-
off energy (ECd). By convention the thermal neutron flux corresponds to the flux of neutrons with an 
energy < ECd, while the neutrons with energies > ECd constitute the epithermal neutron flux. 
 
Reorganizing equation 3.12 in order to calculate the thermal neutron flux yields: 
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Including this factor in the expression for Np gives: 
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Rewriting this expression finally yields following equation that allows calculating the 
neutron flux: 
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This apparently complicated equation actually comes down to the measurement of the peak a
by simpely placing the metal activation monitor at a specific distance above a γ-detec
processing the γ-spectrum on one hand, and weighing the monitor in order to derive the mass
of specific metal (Au or Co) on the other hand. All other factors are (i) specific nuclear const
the metal under investigation (see table 3.3 for values for M, θ, λ, Iγ, σo and Io for Au and C
general constants (Avogadro’s number Na), (iii) time factors (ti, td, tm) which can be monitor
precisely, (iv) parameters specific to the detector and measuring system (εp and δ which can
determined accurately), and (v) parameters specific to the nuclear reactor and irradiation 
used (ϕepi/ϕth, which are monitored at the reactor facility). 
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To calculate an FT age from the fundamental FT age equation (section 1.5) we need the thermal 
neutron fluence (φth): 
 
φth = ϕth ti  
 
 
 
 
 
T
o
H
t
   197Au (n,γ)198Au 59Co (n,γ)60
θ  isotopic abundance 1 1 
σo (barn) thermal neutron cross-section 98.7 37.2 
Io  (barn) resonance integral 1550 74.0 
M (g.mol-1) atomic weight 196.97 58.93 
T1/2 (a) half-life time 7.3813 × 10-3 5.2714 
λ (s-1) decay-constant 2.976 × 10-6 4.170 × 10-9 
Eγ (keV) energy of specific γ-radiation 411.8 1173.2 133
Iγ  fractional absolute intensity of γ-radiation 0.9556 0.9985 0.9
 
 
The γ-spectrometry for the neutron dosimetry measurements presented in this study was perfo
the INW, the institute where the Thetis nuclear reactor is situated. This has the great advant
the time parameters (ti, td, tm) can be attuned precisely to one another. Soon after each irradia
Au- and Co-monitors were removed from the irradiated package and cleaned. The γ-activity 
of the monitors was measured with a single open-ended coaxial Phillips Ge(Li)-detector co
to a 4000-channel Canberra (MCA40) analyzer (more details are presented in the papers by V
haute et al., 1988 and De Corte et al., 1991). All measurements were carried out at a source-
distance of 15 cm and detection efficiencies were calculated on the basis of this distance 
metal monitor sizes. At least 60,000 counts or γ-photons were collected for each monitor.
spectra were then transferred to files on a VAX3000 computer and the peak area (Np) was ca
with purpose designed software developed at the institute (Angela-program; Op de Beeck, 197
mass of each measured metal activation monitor was then determined with a high precision
mg) balance (Mettler MTS). 
 
 
3.2.2. Results 
 
The results of the absolute φth determinations for the individual metal activation monit
presented in table 3.4. Averages for the monitor type and overall averages of the φth va
calculated. The overall averaged value (the irradiation average) is the value adopted for φt
used for further FT age calculations. 
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Table 3.4: Thermal neutron fluence (φth) values obtained for individual metal activation monitors for each of the five (I to 
V) irradiations of apatite samples from the Altai and Tien Shan mountains. All fluence values are given in 1015 
neutrons/cm2. Average values for individual Co-monitors, average values for monitor type and overall averages or 
irradiation averages are calculated. 
 
Irriadiation Monitor Eγ (keV) φth (in 1015 
neutrons/cm) 
Individual Co-
monitor average 
Monitortype 
average 
Irradiation average 
I Au1 411.8 2.725    
 Au2 411.8 2.808    
 Au3 411.8 2.743  2.759  
       
 Co1 1173.2 2.774    
  1332.5 2.806 2.790   
 Co2 1173.2 2.833    
  1332.5 2.862 2.848   
 Co3 1173.2 2.778    
  1332.5 2.773 2.776 2.805 2.782 
       
II Au1 411.8 1.542    
 Au2 411.8 1.711  1.627  
       
 Co1 1173.2 1.594    
  1332.5 1.574 1.584   
 Co2 1173.2 1.750    
  1332.5 1.750 1.750 1.667 1.647 
       
III Au1 411.8 1.907    
 Au2 411.8 2.083    
 Au3 411.8 2.006  1.999  
       
 Co1 1173.2 1.906    
  1332.5 1.889 1.898   
 Co2 1173.2 2.016    
  1332.5 2.004 2.010 1.954 1.977 
       
IV Au1 411.8 1.981    
 Au2 411.8 2.217    
 Au3 411.8 2.109  2.102  
       
 Co1 1173.2 1.958    
  1332.5 1.971 1.965   
 Co2 1173.2 2.183    
  1332.5 2.177 2.180 2.073 2.088 
       
V Au1 411.8 2.216    
 Au2 411.8 2.325  2.271  
       
 Co1 1173.2 2.165    
  1332.5 2.176 2.171   
 Co2 1173.2 2.234    
  1332.5 2.291 2.263 2.217 2.244 
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For each irradiation φth values obtained with Au and Co monitors can be compared and a thermal 
neutron fluence ratio (φCo/φAu) can be attained. This ratio gives information on the consistency of the 
absolute thermal neutron determinations (Van den haute et al., 1988). For the five irradiations in this 
study these ratios are the following: 
 
 Irradiation I φCo/φAu = 1.017 ± 0.036 
   II φCo/φAu = 1.025 ± 0.036 
   III φCo/φAu = 0.977 ± 0.034 
   IV φCo/φAu = 0.986 ± 0.035 
   V φCo/φAu = 0.976 ± 0.034 
 
The average value for these rates is calculated as 0.996 ± 0.035. These rates imply that the absolute 
thermal neutron fluence determination by means of γ-spectroscopy of neutron irradiation induced 
activity in Au and Co metal activation monitors in this study shows a consistency within 1.4 to 2.5% 
of unity, and within 0.4% of unity when considering the average value. This is well in agreement 
with values cited by e.g. Van den haute et al., 1988 and Vercoutere and Van den haute, 1993. 
 
 
3.3. Fission track counting and the use of glass dosimeters and apatite age standards 
 
3.3.1. Track counting procedure 
 
Track counting was performed with an Olympus BH2 microscope equipped with transmitted and 
reflected light. A nominal magnification of 1250 × was reached using 10 × eyepieces, a 100 × dry 
objective and a supplementary 1.25 × magnification factor due to a drawing tube module attached to 
the microscope. Transmitted light is used to identify the characteristic shape of the fission tracks in 
the interior of the crystals, while reflected light clearly shows the surface features of the crystals and 
thus enables the confirmation that a specific fission track effectively intersects the surface. 
 
Counting was done using an eyepiece grid with numbered squares calibrated against a stage graticule 
(0.1 mm with 50 × 2µm divisions). A counting unit area was chosen that matched the average grain 
size in a specific sample (figure 3.4). Fission tracks falling within the counting unit area in a single 
grain were then counted. The counting area was chosen away from the grain edges to discount 
possible tracks derived from disintegration of 238U isotopes in adjacent grains and to assure 4π-
geometry. Grains with numerous dislocations or inclusions were not counted, nor was this the case 
for grains showing a clear heterogeneous distribution of the tracks. For statistical reasons, and 
whenever possible, several grains were counted until a total amount of 1000 spontaneous tracks per 
sample was reached, however several samples did not have enough suitable grains or a too low 
spontaneous FT density to reach this number. 
 89
Chapter 3: Calibration procedures  
 
 
 
Figure 3.4: Fission tracks in an apatite crystal at 1250 × magnification. A unit area of a counting grid in a 
microscope eyepiece lens is chosen to fall within the centre of the crystal. The unit area is calibrated 
against a stage graticule. 
 
 
All samples and standards in this study were analyzed with the external detector (ED) method (see 
section 1.8.2). This involves counting the spontaneous fission tracks in the apatite crystal and the 
induced tracks in the mica ED at exact the same position. The most widely used technique to achieve 
this is by fixing the apatite mount and the ED -track side up- next to each other, forming mirror 
images (figure 3.5). Counting of the spontaneous and induced tracks then involves switching back 
and forth (with a computer-controlled motorized stage) between apatite and ED. This requires 
making reference points in the apatite mount and the ED and applying a complicated co-ordinate 
transformation to find the exact imprint of the induced tracks in the ED corresponding to the apatite 
grain, and more specifically to the counted area of spontaneous tracks. An obvious and simple 
alternative is described by Jonckheere and Wagner (2000). Their procedure simply entails replacing 
the ED after etching exactly in the same position on the apatite mount as during irradiation (figure 
3.5). This is easily done under the microscope with manipulation by cotton-tipped swabs for example 
and takes no time at all. The attainable positioning precision is very high and even allows for track-
to-track matching between induced tracks in apatite and the ED. Counting the spontaneous tracks is 
achieved by focussing on the apatite surface through the ED; refocusing on the trackside of the ED 
then enables the researcher to view and count the induced tracks. At the large magnifications used for 
FT counting, there is no interference between both images. In this study, this procedure has been 
used. 
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Figure 3.5: A. Latent spontaneous 238U fission tracks in an apatite crystal (1). An internal surface of the 
apatite crystal is polished (2) and etched (3). A muscovite external detector (ED) is attached (4). During 
irradiation latent induced 235U fission tracks are created (5) and subsequently etched in the ED (6). B. (1) 
Generally apatite and ED are placed next to each other, track side up, on a glass slide and an automated 
microscope stage switches from spontaneous tracks in the apatite to induced tracks in the ED. (2) An 
alternative is to place the ED, track side down, exactly in its original position and to count spontaneous and 
induced tracks by simply refocusing of the microscope. C. Example of spontaneous fission tracks in an 
apatite crystal and its mirror induced track image in the ED. 
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3.3.2. Irradiations and glass dosimeters 
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 able 3.5: Fission track counting results for the induced tracks from the glass dosimeters (IRMM-540) 
ncluded in each of the five (I to V) irradiation packages. DUR and FCT glasses represent glass shards 
mbedded with Durango or Fish Canyon Tuff apatite age standards, “GL” glasses are separately 
mbedded shards. The relative position of the glass mounts within each irradiation package is given in 
m from the package centre, which was chosen as an arbitrary reference point at position 0 mm (see 
igure 3.2 for a graphic representation). Nd is the number of tracks counted in an attached muscovite 
xternal detector, and ρ  is the induced track density at the position of the dosimeter glass. d
Irradiation Glass dosimeter Position (mm) Nd ρd ± 1σ (105 tracks/cm2) 
I FCT2I gl -13.0 1904 5.87 ± 0.16 
 DUR7I gl -11.5 1878 5.79 ± 0.13 
 DUR4I gl -1.0 1870 5.76 ± 0.14 
 DUR6I gl 1.0 2131 5.84 ± 0.16 
 FCT1I gl 10.25 2349 5.79 ± 0.12 
 DUR5I gl 11.25 1836 5.66 ± 0.13 
II GL 1 28.0 1597 3.26 ± 0.08 
 GL 2 20.5 1625 3.32 ± 0.08 
 GL 3 4.0 1618 3.30 ± 0.08 
 GL 4 -3.5 1643 3.35 ± 0.08 
 GL 5 -19.25 1689 3.45 ± 0.09 
 GL 6 -27.0 1677 3.42 ± 0.08 
III FCT2II gl -28.25 3080 3.89 ± 0.08 
 DUR4II gl -19.5 1261 3.94 ± 0.11 
 DUR7II gl -10.5 1244 3.89 ± 0.12 
 DUR6II gl 0.0 1245 3.89 ± 0.11 
 DUR5II gl 11.5 3046 3.85 ± 0.09 
 FCT1II gl 30.0 1173 3.67 ± 0.10 
IV DUR9II gl -13.75 3103 3.92 ± 0.07 
 DUR12II gl 1.0 1201 3.75 ± 0.11 
 DUR19II gl 13.75 2405 3.82 ± 0.07 
 GL8 27.0 1218 3.81 ± 0.10 
V FCT1III gl -27.0 1332 4.16 ± 0.11 
 DUR4III gl -15.0 2654 4.15 ± 0.09 
 DUR5III gl -4.5 2565 4.01 ± 0.11 
 DUR6III gl 6.0 2669 4.17 ± 0.11 
 DUR7III gl 16.5 2618 4.09 ± 0.08 
 FCT2III gl 27.0 1253 3.92 ± 0.10 
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The thermal neutron fluence of the irradiations performed in this work was also monitored by using 
U-doped glass dosimeters. For this purpose the IRMM-540 (De Corte et al., 1998) reference glass 
was used (section 1.7.1.3). The glass discs were broken into pieces and were embedded with the 
apatite age standards or separately in epoxy resin. The mounts containing the glass shards were 
provided with a muscovite ED in the same fashion as for the apatite mounts. Irradiation of the glass 
with thermal neutrons induces nuclear fission of the 235U nuclei in the glass and hence produces 
induced fission tracks in the adjacent ED. Etching of the ED will reveal these tracks. The density of 
these induced tracks (ρd) obviously depends on the absolute value of the thermal neutron fluence and 
the U-content of the glass. 
 
 
Figure 3.6: Interpolation curves on the basis of induced track densities of the glass dosimeters and 
their positions in each of the irradiation packages as shown in figure 3.2. 
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The relative positions of the glass dosimeters in each of the five irradiation packages is illustrated in 
figure 3.2. These positions were chosen at regular intervals within the packages in order to have an 
estimate on the axial gradient of the thermal neutron fluence. The regularly spaced positions also 
allowed the construction of an interpolation curve by plotting the induced track density (ρd) against 
the position of the glass dosimeter in the irradiation package. An equation for each curve is obtained 
by linear regression. The slope of the curve will depend on the axial gradient of the absolute thermal 
neutron fluence. 
 
In this way, and knowing the relative positions of each irradiated mount, it is possible to calculate a 
ρd-value for each sample and age standard individually. These values were used to determine ζ-
calibration factors and ζ-ages (equations 1.30 and 1.31). The ρd-values used for the age calculations 
further on in this study are the interpolated values as outlined in this section. The ρd-data for the 
glasses of the five irradiations are listed in table 3.5 and the construction of the interpolation curves 
through linear regression is presented in figure 3.6. 
 
If x represents the position (in mm) of the glass dosimeter along the axis of the irradiation package 
and y the track density ρd, then for each of the five (I to V) irradiations the regression equations of 
the interpolation curves are given by (r is the correlation coefficient): 
 
I: y = 5.78042 – (4.52200 × 10-3)x  r2 = 0.4367 
II: y = 3.35073 – (3.10071 × 10-3)x  r2 = 0.8580 
III: y = 3.84250 – (3.81250 × 10-3)x  r2 = 0.7249 
IV: y = 3.83851 – (2.00000 × 10-3)x  r2 = 0.2756 
V: y = 4.08306 – (3.27683 × 10-3)x  r2 = 0.4242 
 
Substitution of the known relative position of the samples as the parameter x will yield their ρd-
values. 
 
 
3.4. ζ-calibration 
 
The theoretical aspects of this calibration method based on analysis of apatite age standards, have 
been described in section 1.7.2. Here the results of the determination of the ζ-calibration factor are 
presented. As outlined in the theoretical section, the ζ-calibration factor is a personal factor 
determined by each FT researcher individually, and is given by (equation 1.30): 
 
 
S)G(ρ)/ρ(ρλ
1eζ
dSisα
tλ Sα −=  
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The expression contains the α-decay constant of 238U (λα = 1.55125 × 10-10a-1) that closely 
approximates the total decay constant of 238U (λtot). Because in practice ζ-calibration involves the use 
of the ED method, the geometry ratio G = 0.5 (sections 1.7.2.1 and 1.8.2). In this study more than 30 
mounts of Durango (DUR) and Fish Canyon Tuff (FCT) apatite were analyzed. Their ages (tS) are 
precisely known, and are 31.4 ± 0.5 Ma for DUR and 27.9 ± 0.5 Ma for FCT apatite (section 1.7.2.2). 
The corresponding induced FT density in the glass dosimeter, ρd, was directly known for shards that 
were embedded in the same mount as the age standard, or the value was calculated using the 
interpolation curves presented in section 3.3. Counting of the spontaneous and induced FT densities 
for each of the age standard mounts gives the final parameter (ρs/ρi) needed for the ζ-calculation. 
Hence, if we assume that the reference ages for the age standards are correct, a ζ-determination is 
solely based on observation of fission tracks (spontaneous, induced and originating from the glass 
dosimeter). Table 3.6 lists the data relevant to the FT analysis of all age standards and the calculated 
ζ-factors. The table also contains some data relating to the procedure or Q-factor on which more 
details shall be given in section 3.5. 
 
Taking into account that radioactive decay is a stochastic process described by Poissonian statistics, 
and following the so-called conventional method for uncertainty calculation in FT dating (Green, 
1981) we can write the simplified equation for the statistical uncertainty of the ζ-values (σζ) as: 
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Where tS is the reference age of the standard and σ  the error of that reference age (see abov
± 0.5 Ma for DUR and 27.9 ± 0.5 Ma for FCT apatite), N
St
s, Ni and Nd are the number of 
spontaneous tracks, induced tracks from the sample and the glass dosimeter respectively. An
to the interpolation of the ρd values, Nd is also interpolated using the same regression equation
 
With the ζ-data from table 3.6 we calculated a sample weighted mean zeta (SWMZ) value for
the two apatite age standards (DUR and FCT) used (e.g. Hurford & Green, 1983; Green, 198
weighing factor for the calculation of the SWMZ must assign a more important role or “we
more precise estimates of ζ, which is a fact that a simple arithmetical mean does not ta
account. This implies that results that bear a smaller statistical error have more weight
calculation of the mean value. The weighing factor used is the reciprocal value of the 
absolute uncertainties of that specific ζ-value. With this in mind the expression for SWMZ is:
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And the weighted uncertainty is given by: 
 
∑= j 2
j
SWMZ
σ
1
1σ   
 
Doing so with the date from table 3.6, we determine following SWMZ values (in a cm2): 
 
 SWMZDUR = 267.7 ± 2.8 
 SWMZFCT = 236.6 ± 4.5 
 
Combining these two values in an analogous manner, we can now determine an overall w
mean zeta (OWMZ) (also in a cm2) that finally gives the single calibration factor we se
determine (e.g. Hurford & Green, 1983; Green, 1985). Our OWMZ value is: 
 
 OWMZ = 253.1 ± 2.4 
 
This final OWMZ calibration factor, or just ζ-factor for short, is a personal factor for use on
single FT researcher under specific preparational and observational circumstances. As me
before, the OWMZ depends on the material used (in this case apatite) and also on the glass do
(IRMM-540). Although there is a significant difference between the SWMZ value for Duran
Fish Canyon Tuff apatite, the conventional, recommended OWMZ value was calculated. This
OWMZ value for IRMM-540 dosimeter glass of 253.1 ± 2.4 will be used later on to calcu
apatite FT ζ-ages of the Altai and Tien Shan samples. Figure 3.7 shows plots of the different ζ
obtained over several irradiations as presented in table 3.6. The values for Durango apatite are
in comparison to the SWMZDUR (figure 3.7.a) and those for Fish Canyon Tuff in compa
SWMZFCT (figure 3.7.b). All values are plotted combined in comparison to the OWMZ (figure
 
The SWMZ values for both apatite age standards differ 13%. As a comparison, published 
values by Hurford and Green (1983) obtained for zircon standards and putative zircon standar
Bishop Tuff zircon, Kimberlite zircon and others) and SRM612 glass differ by 32%, for zir
CN-1 glass by 14%, for zircon and CN-2 glass by 19%. Green (1985) obtained a difference 
using zircons and the U3 glass dosimeter, and 24% using apatites (Fish Canyon Tuff, D
Mount Dromedary and Lake Mountain Rhyodacite) with SRM612 glass. However, this
reported a less than 1% discrepancy between Fish Canyon Tuff apatite and Durango apatite
SRM612 glass). The standard mounts used by Green (1985) were stacked in single irr
packages and irradiated together. Our SWMZ values were obtained using several apatite age s
mounts irradiated in 5 different irradiations, using different fluences and two different irr
channels. Hurford (1998) on the other hand reports a 50% difference in separate ζ determ
from one analyst using the same apatite age standard mounts and CN-5 glass repeatedly ov
and a 23% difference between OWMZ’s by 13 analysts on the same apatite age standard moun
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Table 3.6: FT analysis of Durango (DUR) and Fish Canyon Tuff (FCT) apatite age standards. Irr is the irradiation number, 
ns,i the number of counted grains for spontaneous (s) and induced (i) FTs, Ns,i is the amount of counted spontaneous and 
induced tracks. Track densities for spontaneous and induced tracks is given by ρs,i and ρs/ρi is their ratio (average of 
individual grain by grain analysis with ED). Nd is the amount of tracks counted in the glass dosimeter (IRMM-540) and ρd 
is the corresponding track density. ζ- and Q-factors and their standard deviations (σ) are also given. All calculations are 
made using a 238U decay constant λα = 1.55125 × 10-10a-1 and geometry ratio G = 0.5. Track densities are in 105 tracks/cm2. 
 
Irr Standard ns Ns ρs 
(± 1σ) 
ni Ni ρi 
(± 1σ) 
ρs/ρi Nd ρd 
(± 1σ) 
ζ σ(ζ) Q σ(Q) 
I DUR1 I 100 920 1.813 
(0.075) 
100 2196 3.338 
(0.101) 
0.419 1891 5.835 
(0.134) 
257.5 12.4 1.10 0.05 
 DUR4 I 100 881 1.675 
(0.072) 
100 2465 3.838 
(0.108) 
0.357 1870 5.763 
(0.144) 
306.0 14.8 1.30 0.06 
 DUR5 I 100 1308 2.153 
(0.082) 
100 1324 5.113 
(0.125) 
0.401 1836 5.659 
(0.124) 
277.4 13.4 1.15 0.06 
 DUR6 I 100 1345 2.194 
(0.083) 
100 1419 5.056 
(0.123) 
0.395 2131 5.835 
(0.126) 
273.1 12.7 1.17 0.06 
 DUR7 I 100 1279 2.625 
(0.091) 
100 1321 5.154 
(0.126) 
0.394 1878 5.786 
(0.125) 
276.2 13.3 1.17 0.06 
 FCT1 I 100 1472 2.591 
(0.090) 
100 1761 6.131 
(0.146) 
0.339 2349 5.785 
(0.112) 
285.2 12.7 1.22 0.06 
 FCT2 I 100 1152 2.453 
(0.088) 
100 2242 6.175 
(0.134) 
0.325 1904 5.869 
(0.162) 
293.2 13.6 1.26 0.06 
II DUR9 I 100 511 2.086 
(0.092) 
100 871 3.555 
(0.102) 
0.606 1625 3.281 
(0.081) 
316.6 20.0 1.29 0.08 
 DUR10 I 100 500 2.041 
(0.091) 
100 801 3.269 
(0.116) 
0.648 1618 3.345 
(0.083) 
290.4 18.6 1.21 0.08 
 DUR11 I 100 469 1.914 
(0.088) 
100 944 3.853 
(0.125) 
0.514 1643 3.357 
(0.083) 
364.8 23.2 1.52 0.10 
 DUR12 I 250 1070 2.140 
(0.044) 
250 1718 3.436 
(0.090) 
0.623 1631 3.351 
(0.083) 
301.6 14.7 1.25 0.06 
 DUR19 I 80 389 1.985 
(0.101) 
80 766 3.908 
(0.141) 
0.518 1689 3.417 
(0.083) 
355.7 24.4 1.51 0.10 
 DUR20 I 250 825 1.650 
(0.030) 
250 1173 2.346 
(0.049) 
0.703 1611 3.275 
(0.082) 
273.4 14.8 1.11 0.06 
 DUR21 I 250 882 1.764 
(0.031) 
250 1422 2.844 
(0.069) 
0.620 1683 3.423 
(0.083) 
296.6 15.4 1.26 0.07 
 FCT3 I 55 584 2.167 
(0.127) 
55 952 3.532 
(0.162) 
0.634 1597 3.269 
(0.082) 
269.8 21.7 1.09 0.06 
 FCT4 I 40 482 2.459 
(0.158) 
40 814 4.153 
(0.206) 
0.597 1677 3.428 
(0.074) 
273.3 23.7 1.16 0.07 
III DUR4 II 80 1062 1.676 
(0.051) 
80 1613 2.545 
(0.063) 
0.711 1261 3.941 
(0.111) 
224.7 11.5 0.92 0.05 
 DUR5 II 60 993 2.089 
(0.066) 
60 1568 3.299 
(0.083) 
0.659 3046 3.845 
(0.070) 
248.5 11.7 0.99 0.05 
 DUR6 II 60 923 1.942 
(0.064) 
60 1555 3.272 
(0.083) 
0.610 1245 3.891 
(0.110) 
265.2 14.0 1.07 0.05 
 DUR7 II 60 929 1.955 
(0.064) 
60 1488 3.131 
(0.081) 
0.642 1244 3.888 
(0.110) 
252.2 13.4 1.01 0.05 
 FCT1 II 60 1017 2.350 
(0.070) 
60 1591 3.348 
(0.084) 
0.645 1173 3.666 
(0.107) 
204.5 10.6 0.89 0.05 
 FCT2 II 60 975 2.052 
(0.066) 
60 1582 3.329 
(0.084) 
0.637 3080 3.888 
(0.070) 
225.8 10.8 0.92 0.05 
IV DUR9 II 60 875 1.841 
(0.062) 
60 1530 3.219 
(0.082) 
0.583 3103 3.917 
(0.070) 
275.7 13.4 1.06 0.05 
 DUR11 II 60 904 1.902 
(0.063) 
60 1437 3.024 
(0.080) 
0.651 2152 3.821 
(0.082) 
253.1 12.7 0.95 0.05 
 DUR20 II 100 1081 1.365 
(0.042) 
100 1686 2.129 
(0.052) 
0.695 1218 3.884 
(0.111) 
233.2 11.9 0.89 0.04 
 DUR21 II 100 1060 1.338 
(0.041) 
100 1782 2.250 
(0.053) 
0.624 2405 3.749 
(0.076) 
269.1 12.6 0.99 0.05 
V DUR4 III 50 523 1.634 
(0.071) 
50 848 2.650 
(0.091) 
0.645 2654 4.147 
(0.087) 
235.4 14.4 0.89 0.06 
 DUR5 III 80 973 1.900 
(0.061) 
80 1753 3.424 
(0.082) 
0.567 2565 4.008 
(0.075) 
277.0 13.1 1.01 0.05 
 DUR6 III 60 704 1.833 
(0.069) 
60 1258 3.276 
(0.092) 
0.582 2669 4.170 
(0.083) 
259.4 13.8 0.99 0.05 
 DUR7 III 70 816 1.821 
(0.064) 
70 1394 3.112 
(0.083) 
0.604 2618 4.091 
(0.077) 
254.8 12.9 0.95 0.05 
 FCT1 III 60 983 2.560 
(0.082) 
60 1584 4.125 
(0.104) 
0.630 1332 4.163 
(0.106) 
210.9 11.0 0.81 0.05 
 FCT2 III 60 867 2.258 
(0.077) 
60 1389 3.617 
(0.097) 
0.640 1253 3.916 
(0.100) 
215.4 11.8 0.81 0.05 
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Figure 3.7: ζ-calibration factors for Durango (DUR) apatite with IRMM-540 
dosimeter glass (a) and Fish Canyon Tuff (FCT) apatite (b) determined on the basis 
of co-irradiated mounts of these age standards in the several irradiation packages. 
Error bars are 2σ. SWMZ values for both DUR and FCT are indicated by the shaded 
area. (c) Composite of both DUR and FCT ζ-values in respect to the OWMZ value 
(see text for further details). 
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The OWMZ presented here is calculated for IRMM-540 glass as mentioned before. The 
characteristics of this glass were described by De Corte et al. (1998) (section 1.7.1.3). An overview 
of specific characteristics of other U-doped glass monitors used in FT dating is presented by Hurford 
(1998). Of particular interest is the 235U concentration in these glasses. On the basis of this parameter, 
ζ-factors obtained with different glass dosimeters can be compared. A relationship between ζ-factors 
calculated from ρd-values from different glass dosimeters and the 235U concentrations of these 
respective glass dosimeters was established by Green (1985) and can be written as: 
 
 [ ] [ ]2235212351 UζUζ =   
 
or: 
 
[ ]
[ ]1235
2
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21
U
U
ζζ =  
 
 
Subscripts 1 and 2 denote two different U-doped glass dosimeters, and [235U] is the conce
(ppm) of this isotope in the particular glass. Using equation 3.19 and our OWMZ value of 
2.4 (using IRMM-540 glass), corresponding ζ-values for the SRM612, CN-1, CN-2 an
glasses (section 1.7.1.3) were calculated and compared to some published values (table 3.7). S
Nishimura (1991) performed an extensive study of ζ-values for apatite using the SRM612, CN
CN-2 glasses irradiated at several irradiation facilities. 
 
 
Table 3.7: Comparison of corresponding ζ values (ζcor) calculated on the basis of an OWMZ of 253.1 ± 2.4 obtain
IRMM-540 glass dosimeter, and the 235U concentration (in 10-2ppm) in four other (SRM612, CN-1, CN-2 and CN
dosimeters. These values are compared to published ζ factors (ζcomp) for these glass dosimeters. All ζ factors are 
as (a cm2) and uncertainties are reported on the basis of 2σ. 
 
Glas dosimeter [235U] ζcor ζcomp Reference 
IRMM-540 10.0080 253.1 ± 4.8 --- --- 
SRM 612 8.9413 283.3 ± 5.4 305.9 ± 41.2 Shin and Nishimura (199
CN-1 28.6632 88.4 ± 1.7 101.1 ± 14.6 Shin and Nishimura (199
CN-2 26.2800 96.4 ± 1.8 109.6 ± 15.8 Shin and Nishimura (199
CN-5 8.7624 291.2 ± 5.5 350 ± 40 Hurford (1998) 
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3.5. The Q-factor 
 
3.5.1. Determination of Q from age standards analysis 
 
 
The Q-factor or procedure factor (Wagner and Van den haute, 1992) is a parameter used in the 
absolute FT age equation (see section 1.4) that, like the ζ-factor, incorporates uncertain quantities 
linked to personal, procedural, revelation and observational aspects as explained earlier. The 
difference with ζ is that Q does not include nuclear parameters such as the 238U fission decay-
constant (λf) and the thermal neutron cross section (σ) and that Q is used in the age equation together 
with the absolute thermal neutron fluence (φ) determined with metal activation monitors. In this way, 
the Q-factor can also be viewed as a calibration factor, as a deconvoluted ζ-factor where nuclear 
parameters are considered as known constants and subsequently lifted out of the ζ-factor. 
 
As explained, when the spontaneous and induced tracks are revealed and observed with exactly the 
same efficiency, this Q-factor should equal 1. This should theoretically be the case for apatite if a 
population method of FT analysis is followed. However, for obvious reasons, there always are 
substantial differences in preparational and observational conditions when different materials are 
used to obtain the ρs and ρi values, so we expect a Q-factor ≠ 1 in the ED method (also see section 
1.8.2 for more details). 
 
If we consider the fundamental FT age equation as it was deduced in section 1.4 (for explantion of 
the symbols see the mentioned section), we find for an apatite age standard with reference age tS: 
 
 tS = λα-1ln[(λα/λf)(ρs/ρi)QGIσφ + 1] 
 
Or rewriting the equation for Q yields: 
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So, when an apatite age standard (e.g. Durango, tS = 31.4 ± 0.5 Ma), with a muscovite ED a
(G = 0.5) is irradiated with an absolute thermal neutron fluence φ (determined by use o
activation monitors for example) and considering all nuclear parameter known, a Q- factor
calculated for that particular age standard by simply counting the spontaneous and induced tr
is done for the ζ-factor. 
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Following Poissonian statistics and the same reasoning as was done for the ζ-calibration in the 
previous section, the error on the Q-factor can be calculated from: 
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The relative error for the absolute thermal neutron fluence (φ) determinations carried out 
spectrometry for the irradiation facility and detectors used in this work, is typically 2.5% (e
den haute et al., 1988). 
 
Q-data for Durango and Fish Canyon Tuff apatite are listed in table 3.6. In the same fas
SWMZ in the previous section, we define a sample weighted mean Q-factor (SWMQ) fo
apatite age standards: 
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With an error given by: 
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Calculation for both apatite age standards yields following result: 
 
 SWMQDUR = 1.061 ± 0.011 
 
 SWMQFCT = 1.020 ± 0.023 
 
Combining both values, we determined an overall weighted mean Q-factor, OWMQ = 1.054 ±
 
In comparison with the SWMZ values of both apatite age standards, the OWMQ values e
smaller difference (4% compared to 13%). The main reason for this smaller discrepancy
opinion is that in the ζ-factor calculation the FT density from glass dosimeters (ρd) is used (e
1.30). This ρd value is an extra source of uncertainty. If a more systematic investigation of th
would confirm these findings, it would provide an additional point of advantage for the us
factors instead of ζ-factors in the calibration of FT dating with the ED method.  
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Using this OWMQ, or Q-factor, the relevant nuclear parameters and an absolutely determined 
thermal neutron fluence, we are able to use the fundamental FT age equation formulated by Wagner 
and Van den haute (1992) and we can obtain absolute FT ages next to ζ-ages as is conventional 
(Hurford, 1990). The Durango Q-data are presented in figure 3.8 in relation to the SWMQ. 
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Figure 3.8: Q-calibration factors for Durango (black dots) and Fish Canyon Tuff (gray 
squares) apatite on the basis of co-irradiated mounts of the age standards in several irradiation 
packages. The OWMQ value is indicated by the shaded area. 
 
 
 
 
 
The determination of the Q-factor in this way involves a 4π-geometry or internal polished and etched 
surface of the spontaneous tracks in the apatite and a 2π-geometry for the external surface of the ED 
for the induced tracks. 
 
 
3.5.2. Experimental determination of the Q-factor 
 
In order to evaluate the Q-factor for apatite dating with a muscovite ED we irradiated a pre-annealed 
apatite sample with an attached ED. If it is considered that Q = 1, the induced FT density in the 
apatite (ρap) should be equal to the induced FT density in the attached muscovite ED (ρED). Deviation 
from unity for the ρap/ρED values can only be attributed to differences in registration, revelation and 
observation between the materials apatite and muscovite. The following experiments were based on 
work by Jonckheere and Van den haute (2002); Jonckheere (2003a) and Enkelmann and Jonckheere 
(2003) on the efficiency of FT counts in internal and external surfaces in Durango apatite and a 
muscovite ED. 
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In chapter 1 (section 1.3, equation 1.7) we derived an expression for the areal fission track density as 
(for symbols see the appropriate section): 
 
ρe = gNReηq 
 
If we write this expression for the cases of ρap and ρED and if we the ratio we obtain: 
 
EDEDED e,
235
ED
apapap e,
235
ap
ED
ap
qηNRg
qηNRg
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ρ =   
 
Because the tracks in the apatite and the ED both originate from the 235U present in the apa
spatial concentration of the 235U (235N) can be omitted from the equation. Considering the def
for the geometry ratio (G) and the procedure factor (Q) as given in section 1.5 (equations 1.1
and 1.18), we can write: 
 
ED
ap
ρ
ρ
= 
ED
ap
g
g
Q
1  
 
The geometry ratio here, G = gap/gED equals 1 (0.5/0.5) if a 2π geometry is used (external su
an apatite crystal is etched), or G = 2 (1.0/0.5) if a 4π geometry is used (internal surface). 
 
In irradiation V of this work, two pre-annealed apatite mounts with muscovite ED were ir
(DUR-AN-1 and DUR-AN-2). Prismatic sections, parallel to the c-axis, of a single Durango
crystal were used. The apatite was annealed in a furnace at 450°C for 10 hours. After irradiat
2.244 × 1015 neutrons/cm2, see table 3.2) the apatite and muscovite ED were etched accordin
characteristics described in table 3.1. 
 
 
2π/2π geometry 
 
In a first experiment the 2π/2π geometry ratio was used (G = 1), so the reciprocal value
ED
ap
ρ
ρ
ratio directly gives the Q-factor. In this experiment the ED and the Durango apatite 
were directly etched after irradiation. For the apatite the etched surface is an external sur
tracks only originated from under the originally polished and etched surface. Results of the c
of the induced tracks in both the apatite and the ED muscovite are presented in table 3.8. 
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Based on the average 
ED
ap
ρ
ρ
ratio, calculation of the Q-factor yielded following results: 
 
 DUR-AN-1: Q = 0.91 ± 0.04 
 
 DUR-AN-2: Q = 0.96 ± 0.03 
 
This yields a SWMQDUR of 0.94 ± 0.02, which is in agreement with results for Durango apatite 
published by Iwano and Danhara (1998). These researchers obtained a value of 0.98 ± 0.04 for 
Durango apatite in a 2π/2π geometry. The small deviation from unity, if significant, implies that 
more tracks are counted in the apatite in comparison to the mica. 
 
Table 3.8: FT analysis of Durango apatite age standards for the experimental determination of the Q-factor for both 2π/2π 
and 4π/2π geometry. The number of counted grains in the apatite (ap) and the external detector (ED) is represented by 
nap,ED, Nap,ED is the number of counted tracks. The track densities for the apatite and the ED are given by ρap,ED and ρap/ρED 
is their ratio (average of individual apatite grain by grain analysis with ED). Track densities are given in 105 tracks/cm2. 
 
Geometry Standard nap Nap ρap (± 1σ) nED NED ρED (± 1σ) ρap/ρED 
2π/2π DUR-AN-1 100 1825 2.852 (0.067) 100 1695 2.648 (0.064) 1.077 ± 0.037 
2π/2π DUR-AN-2 100 1999 3.123 (0.070) 100 1936 3.025 (0.069) 1.032 ± 0.033 
4π/2π DUR-AN-1 50 1751 5.472 (0.131) 50 910 2.844 (0.094) 1.924 ± 0.081 
4π/2π DUR-AN-2 50 1844 5.763 (0.134) 50 919 2.872 (0.097) 2.007 ± 0.086 
 
 
Conversely, Iwano and Danhara (1998) obtained a value of 1.16 ± 0.05 for Fish Canyon Tuff apatite. 
This gives an OWMQ = 1.06 ± 0.03 for their apatite data. Also for zircon (OWMQ = 1.34) and 
sphene (OWMQ = 1.13) age standards they find values considerably higher than 1. Hence, in 
contrast to our experiments and those by Iwano and Danhara (1998) for Durango apatite, track 
revelation and observation for all other experiments of these authors are higher in the mica. One of 
the main differences between the Durango apatite and the other apatites and minerals used in the 
Iwano and Danhara (1998) experiments is the fact that Durango forms excellent euhedral crystals 
from which centimeter scale prismatic slices perfectly parallel to the crystallographic c-axis can 
easily be obtained. This is not the case for Fish Canyon Tuff apatite and the zircon and sphene 
samples used by Iwano and Danhara (1998). Although these authors stress they took great care in 
selecting only the prismatic crystal faces in these other samples, the counting was done on several 
grains, with possibly different crystallographic orientations. Moreover, there might exist an etching 
efficiency difference between Durango and Fish Canyon Tuff apatite due to their different chemical 
composition. Whatever the case, it appears that more tracks are registered and counted in Durango 
apatite with respect to the mica ED attached. This seems strange as the etchable range (R) of an 
induced track by a single fission fragment in apatite is lower (~8 µm) than in muscovite (~10 µm) 
(see figure 3.9). While the effect for apatite to mica (8 to 10 µm) can be considered as modest, it is 
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more outspoken for sphene (6.5 to 10 µm) and zircon (5 to 10 µm), which is indeed reflected by the 
high Q-factors obtained by Iwano and Danhara (1998) for these minerals. In our opinion the paradox 
in the case of Durango apatite could be explained by the fact that the small deficiency in track 
registration of the apatite with respect to the mica is overcompensated by bulk etching of the apatite 
surface. In this scenario the bulk etching removes material from the apatite surface at µm scale and 
reaches track ends within the interior of the apatite crystal; track ends that did not originally intersect 
the polished surface. In this way, during etching, an amount of tracks is added apparently at such a 
rate that it overcompensates the fission fragment range difference between Durango apatite and 
muscovite mica. This hypothesis is only provisional and deserves a more elaborate systematic 
research. However, Jonckheere (1995) found etch velocities perpendicular to several types of crystal 
surfaces of Durango apatite ranging from 0.1 to 0.6 µm per minute. 
 
Mica
Apatite
 
 
Figure 3.9: A 235U nuclide (black dot) fissions in the interior of an 
apatite crystal and produces a latent FT with a specific registration 
threshold for apatite (black solid lines) and the attached mica external 
detector (black broken lines). When the 235U nuclide is close enough 
to the etched apatite surface (i.e. less than ~8 µm, which is the 
etchable range of the latent track in apatite), etching reveals the track 
in both the apatite and the mica (left side of drawing). When the 
fissioned nuclide was located more than ~8 µm, but less than ~10 µm 
(the etchable range of the track in mica) below the etched surface, the 
track is not revealed in the apatite, but it still is revealed in the mica 
(right side of drawing). When the nuclide was even further down 
(more than ~10 µm) in the interior of the crystal, it is not revealed at 
all (after Iwano and Danhara, 1998). 
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4π/2π geometry 
 
A second experiment involved determination of the Q-factor in a 4π/2π geometry ratio (G = 2). This 
is the same geometry used for our age standard Q-factor determination (section 3.5.1) and used in 
conventional FT dating with the ED method. In this case, nothing changed for the ED in respect to 
the previous experiment, but the apatite was repolished and then re-etched under the same conditions, 
exposing in this way an internal etched apatite surface intersected by fission tracks originating from 
both under and above the polished and etched surface. Counting results are presented in table 3.8. 
Given the 4π/2π geometry and considering equation 3.26, the Q-factor in this case is given by the 
reciprocal value of 
ED
ap
ρ
ρ
2
1 . This produced following results:  
 
 DUR-AN-1: Q = 1.04 ± 0.04 
 
 DUR-AN-2: Q = 1.00 ± 0.04 
 
In this case a SWMQDUR value of 1.02 ± 0.03 is obtained (within 1σ). Within errors, this value 
corresponds with the value of 1.01 ± 0.02 published by Iwano and Danhara (1998) for this geometry 
ratio. Our value does however differ somewhat from the OWMQ of 1.054 ± 0.010 we obtained by 
means of age standard analysis that also exhibit the 4π/2π geometry ratio (section 3.5.1). Our value 
of 1.054 ± 0.010 was obtained after several analyses of both Durango and Fish Canyon Tuff apatite, 
while in these experiments only Durango was used. Iwano and Danhara (1998) obtain an 
experimentally derived OWMQ for both apatite age standards (Durango and Fish Canyon Tuff) of 
1.098 ± 0.030. For zircon they find 1.37 and for sphene 1.20. The 4π/2π Q-factor we derived on 
experimental basis is rather low when compared to the Iwano and Danhara (1998) data and the 
OWMQ from our age standard analyses. We therefore opt to solely use our 1.054 ± 0.010 OWMQ 
value to calculate absolute FT Q-ages (see chapter 6). 
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CHAPTER 4 
 
THE ALTAI AND TIEN SHAN MOUNTAIN RANGES: 
GEOLOGICAL AND GEODYNAMICAL SETTING 
IN THE CENTRAL ASIAN DEFORMATION ZONE 
 
 
 
 
In this chapter a detailed overview is given of the geological and geodynamical history of the study 
areas in the Altai and Tien Shan Mountains. Both mountain ranges are situated in the Central Asian 
Deformation Zone. Our overview concentrates mainly on the several units composing this Central 
Asian Deformation Zone, but also bordering regions such as the West Siberian Basin, the Tibetan 
Plateau and the Himalayan orogen are discussed. The geological evolution of these adjacent regions 
influenced our study areas at various moments in geological history. Our AFT results can clearly be 
linked to some of these events. Moreover, other AFT studies conducted within the Central Asian 
Deformation Zone and within these adjacent areas will be compared to our results (chapter 6). 
Therefore we decided to present a broad geological and geodynamical setting as a framework in 
which we can more easily inegrate our AFT data interpretation. 
 
 
4.1. Location and general setting 
 
4.1.1. The Central Asian Deformation Zone 
 
The Central Asian Deformation Zone (CADZ) is the largest intracontinental orogenic system in the 
world. It runs over a distance of more than 5000 km, from the Pamir-Tien Shan region northwest of 
the Himalayan orgenic front to the Stanovoy range near the Okhotsk Sea (figure 4.1). It is composed 
of many larger and smaller tectonic and geodynamic units in a basin and range configuration, making 
up a characteristical blocky mosaic structure as e.g. described by Şengör et al. (1993). Two 
components, the Altai Mountains and the Tien Shan Mountains will be discussed in greater detail as 
they represent the study areas for this work. 
 
The CADZ can be regarded as the suture zone between the Archean and Early Proterozoic Siberian 
cratons and an assemblage of North Chinese and Central Asian terranes. All these different blocks 
were accreted onto the Eurasian plate during the Palaeozoic and Mesozoic. The accretion also 
continued in the Cenozoic, with the India-Eurasia collision as a final and marked example.  
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Figure 4.1: Relief map of Asia. The main units composing the Central Asian Deformation Zone (CADZ) between the West 
Siberian Basin, India and the Siberian craton are indicated. The areas studied in this work are highlighted: The Russian Altai 
Mountains, in particular the Lake Teletskoye Region, and the Kyrgyz Tien Shan Mountains, in particular the Lake Issyk Kul 
Region. Important structures are also shown: MBT = Main Boundary Thrust of the Himalayas, RRF = Red River Fault zone 
(strike-slip), ATF = Altyn Tagh Fault zone (strik-slip), TFF = Talas-Fergana Fault zone (strike-slip). 
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This major continent-continent collision is seen as the main driving force for the present tectonic 
reactivation throughout many parts of the CADZ (e.g. Molnar and Tapponier, 1975 and 1977 and 
Tapponier and Molnar, 1979). Other authors have indicated that mantle plume activity could also 
play a role in the development of the CADZ (e.g. Khain, 1990; Ufimtsev, 1990; Dobretsov et al., 
1996). Still others see the evolution of the CADZ in a broader lithospheric folding with a 
characteristic wavelength that encompasses the entire lithosphere (Nikishin et al., 1993; Burov et al., 
1993; Cloetingh et al., 1999). The lithospheric folding is seen as an effect of intraplate compressive 
stresses induced by the ongoing convergence between India and Eurasia and causing its typical basin 
and range geometry. In this perspective, basins represent whole-lithospheric synclines and mountain 
ranges whole-lithospheric anticlines. 
 
In any case, active crustal deformation is taking place today over a vast region between the 
Himalayas and Siberia, resulting in the so-called eastward stepping en-echelon configuration of the 
composing mountain belts (e.g. Pamir, Hindu Kush, Tien Shan, Altai, Sayan and others) (figure 4.1). 
In the literature, the CADZ is also termed the Central Asian Mountain Belt (e.g. Khain, 1990; 
Ufimtsev, 1990; Dobretsov et al., 1996), Central Asian Fold Belt (e.g. Khain et al., 2002), Central 
Asian Mobile Belt, Central Asian Orogenic Belt and so forth, or the Central Asian Triangle (e.g. 
Cobbold and Davy, 1988). In this work, parallel with the work by Dehandschutter (2001) who deals 
with the same study areas in a structural geological framework, CADZ is used to denote the entire 
actively deforming region in Central Asia. 
 
 
4.1.2. The Altai-Sayan Mountains 
 
The Altai-Sayan Mountains form the northern-central part of the CADZ (figure 4.1). They represent a 
Late Cenozoic reactivated mountain belt located at the junction of Russia, Mongolia, China and 
Kazakhstan. The present Altai mountains are composed of several smaller tectonic units. Our study 
focuses mainly on one such unit, the Gorny Altai, in the northern Altai ranges in Siberia. The E-W 
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Figure 4.1: Relief map of Asia. The main units of the Central Asian Deformation Zone (CADZ) between the Urals, 
India and the Siberian craton are indicated. MBT is the Main Boundary Thrust of the Himalayas, RRF, is de Red River 
Fault zone, ATF is the Altyn Tagh Fault zone, and TTF is de Talas-Fergana Fault zone. 
the Altai with peaks exceeding 4000 m. The Altai-Sayan mountainous province has been 
nsidered as a single unit in Russian geomorphological and orographical literature. It comprises the 
ssian (northern Altai) Rudny Altai and Gorny Altai, Tuva, West and East Sayan. This division is 
eed acceptable in physiographical terms and geologically reasonable to some extent, but it should 
 stressed that the tectonic and geodynamic evolution has been completely different in all these 
ions. 
 
 the north, the Altai Mountains fan out in E-W striking ranges in their western part and in N-S 
iking ranges to the east. They are bounded by the West Siberian Basin, in particular by the Biya-
rnaul depression to the west (figure 4.1 and further, figure 4.16).  
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The Biya-Barnaul depression is separated from the Kuznetsk basin to its east by the Salair and Alatau 
Mountains, which can be considered as the northern foothills of the Altai. In the northern part of 
Gorny Altai, just south of the Salair-Alatau mountains, lies the N-S trending Teletskoye Lake, 
occupying a young graben. To the southwest the Altai is bounded by the Irtysh-Zaisan depression, 
forming part of the vast Kazakh plains. This boundary is clearly defined by the so-called Irtysh shear 
zone and the Junggar basin, which covers most parts of the Junggar microplate. To the southeast the 
Altai passes into the Gobi-Altai mountains. To the east the Sayan is bordered by the Baikal rift zone. 
South of Sayan and east of Altai, the Depression of the Great Lakes of Mongolia composes a plateau 
of lower elevation, passing eastward into the Hangai dome (see e.g. figure 4.1 and 4.16). 
 
 
4.1.3. The Tien Shan Mountains 
 
The Tien Shan, “the Heavenly Mountains” are a long (2500 km), seismically very active E-W 
trending intracontinental mountain range of high elevation (up to more than 7000 m). They are 
situated along the northern rim of the lens-shaped Tarim microplate, largely overlain by the present 
Tarim basin (figure 4.1 and 4.2).  
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 igure 4.2: Sketch map of the positions of major cratonic cores, basins and fold belts within the Eurasian continent.110 
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The eastern Tien Shan mountains are located in China, while the western part mainly extends within 
the republics of Kyrgyzstan, Tadjikistan and Uzbekistan. To the northwest, the Tien Shan are 
bounded by the Kazakh plains, to the northeast by the Junggar basin, north of which we find the Altai 
mountains as mentioned before. The southwestern tips of the Tien Shan join the Pamir and 
Karakoram mountains, which in their turn link up with the Tibetan Plateau. In the northern, Kyrgyz 
part of the Tien Shan, the Issyk Kul Lake occupies a large intramontane pull-apart basin. On the 
northeastern tip, the Tien Shan ranges are structurally linked to the southern parts of the Gobi Altai 
mountains (figure 4.1). 
 
 
4.2. Precambrian evolution of the CADZ 
 
The geological history of the CADZ can be traced back to the Late Proterozoic (Riphean) and Early 
Palaeozoic with the formation of the so-called Palaeo-Asian Ocean (PAO) at the current southern 
margins of the Archean-Early Proterozoic Siberian craton. The Siberian craton consists of two stable 
cores, the Anabar in the northern part and the Aldan Shield in the south (e.g. Khramov et al., 1985; 
Aftalion et al., 1991; Melnikov et al., 1994; Frost et al., 1998; Smethurst et al., 1998; Griffin et al., 
1999) (figure 4.2 and 4.3). The East European or Baltic shield (Baltica), the North American cratons 
(Laurentia), and Siberia were connected by an world-wide orogenic event, the Grenvillian orogeny. 
In this way the aforementioned continents composed a Late Proterozoic supercontinent, Rodinia, 
distinct from most of Gondwana, the southern supercontinent at that time (Ilyin, 1990; Condie and 
Rosen, 1994; Frost et al, 1998; Pelechaty, 1998). The combined Siberia-Baltica continent is 
sometimes termed Laurasia. According to Palaeomagnetic data, Siberia resided most of its early 
history at equatorial latitudes with a manifest northward migration starting in Mid-Palaeozoic times 
and resulting in its present northerly position (Torsvik et al., 1995; Smethurst et al., 1998; 
Kravchinsky et al., 2001). 
 
To the west and southwest, the Siberian basement is covered by a thick and deformed 
(meta)sedimentary cover, prominent on the so-called Anabar-Lena plate (figure 4.3) in the southern 
part of the craton, which is seen by some authors as a third distinctive component of the Siberian 
craton (Kravchinsky et al., 2001). The sediments represent Late Proterozoic passive margin 
sequences associated with the initial stages of the PAO evolution after the break-up of Rodinia (e.g. 
Zonenshain et al., 1990, Dobretsov et al., 1995a; Khomentovsky and Gibsher, 1996; Lindsay et al., 
1996; Pelechaty et al., 1996). Relics of the PAO crust are preserved in ophiolite belts fringing the 
southern margin of the Siberian craton. Some of these ophiolites have been interpreted as obducted 
slabs of oceanic crust, thrust upon the southern Siberian margin during the the final stages of the 
PAO evolution at the Proterozoic-Phanerozoic transition (Vendian-Cambrian; see figure 4.4) (e.g. 
Dobretsov et al., 1992; Zorin et al., 1993; Melnikov et al., 1994; Dobretsov et al, 1995a). 
 
 111 
Chapter 4: Geological and geodynamic setting                                                                                                                  
 
Tungus
Basin
Basin
Viljuy
An
ga
ra
Lena Trough
Aldan Shield
Ve
rkh
oy
an
sk
Fold Belt
Fold Belt
Ta
im
yr
Rift
Baikal
CADZ
Mon
gol
Fold B
elt
Okhotsk
90°E 102°E 114°E 126°E 138°E 150°E
150°E
102°E 114°E 126°E
138°E
90°E
72°N72°N
Arctic Ocean
64°N 64°N
56°N
56°N
Late Mesozoic and
Cenozoic sediments
Late Paleozoic and
Mesozoic sediments
Riphean and
sedimentsPaleozoic 
Permian Flood Basalts
Folded sedimentary cover
Cratonic cores
Anabar
Shield
 
Figure 4.3: Sketch map of the Siberian craton, composed of the Anabar and Aldan shields and the 
Angara-Lena platform, with its deformed Phanerozoic cover.  
CADZ = Central Asian Deformation Zone (redrawn after Smethurst et al., 1998). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
On the other hand, Khain et al. (2002) proposed that far older ophiolites are exposed along the 
southern rims of the Siberian craton. These authors obtained a U-Pb zircon age of ~1Ga for the 
Dunzhugur ophiolite complex in eastern Sayan. This is the oldest known ophiolite suite within the 
CADZ and gives evidence of a Mesoproterozoic Siberian margin/oceanic basin interface that might 
be linked to the opening and spreading phase of the PAO or represent the development of another 
oceanic basin altogether. This hypothesis would cast considerable doubt on the supposed 
configuration of Siberia within the Rodinian supercontinent. However, it can be reconciled with the 
hypothesis of Dobretsov et al. (1995a), who constrain the initial stages of POA evolution between 1.0 
and 0.9 Ga, directly succeeding the Grenvillian orogeny. 
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The eastern part of the CADZ is squeezed between the Siberian craton to the north and the North 
China or Sino-Korean craton to the south (figure 4.2). The North China craton is also mainly of 
Archean age and is composed of a western and eastern unit separated by a reworked central zone 
(Zhao et al., 1993; Zhao, 2001). To the west, the CADZ disappears under Mesozoic deposits of the 
West Siberian Basin. The vast West Siberian Basin is in turn separated from the East European 
craton by the Ural Mountain Belt. 
 
 
4.3. Palaeozoic evolution of the CADZ 
 
The Palaeozoic evolution of the northern parts of the CADZ is largely dominated by the evolution of 
the Palaeo-Asian Ocean (PAO) south of the Siberian craton. This evolution already started in the late 
stages of the Precambrian and possibly earlier as mentioned above. The PAO represented a vast 
oceanic domain resulting from the fragmentation of the Rodinia supercontinent and separating 
Siberia from Gondwana to the south. During the closure of the PAO in Latest Precambrian to Early 
Palaeozoic times, various peri-Gondwanian fragments and oceanic domains (island arcs, seamounts 
e.g.) were accreted onto the Siberian craton. The Palaeozoic era is strongly characterized by this 
large-scale accretion and growth of Eurasia. During this time the ancestral characteristic blocky 
mosaic structure of the present CADZ was formed (e.g. Coleman, 1989; Zonenshain et al., 1990; 
Şengör et al., 1993; Zorin et al., 1993). The several composing units, of what is called the tectonic 
collage, are mainly separated by large strike-slip fault zones, reactivated during several successive 
tectonic events (e.g. Dobretsov, 1993 and 1995b; Şengör et al., 1993; Delvaux et al., 1995a; Laurent-
Charvet et al., 2002; Buslov et al., 2003). Şengör et al. (1993) label the Late-Precambrian-Early 
Mesozoic orogenic rim of southern Siberia as the Altaids (section 4.3.3). 
 
Most of the collisional events described below are followed by episodes of large-scale syn- and post-
collisional plutonism, again adding to the crustal growth of Eurasia (e.g. Dobretsov et al, 1995a; Han 
et al., 1997; Vladimirov et al., 1997; Chen et al., 2000; Distanova, 2000; Hu et al., 2000). Also 
widespread evidence of regional metamorphism is abundant in these Central Asian zones. 
Metamorphic events in some cases were of high-grade character as shown by UHP (eclogites) rocks 
and blueschists in various regions. The diamond-bearing Kokchetav UHP massif of Northern 
Kazakhstan is one obvious example (Theunissen et al., 2000). 
 
 
4.3.1. The Early Palaeozoic 
 
The Altai-Mongol (AM), Tuva-Mongolia (TM) and Kazakhstan microplates are examples of possible 
Gondwanian terranes (figure 4.4) accreted directly onto the Siberian craton. On the other hand, 
terranes such as Gorny Altai and Rudny Altai (in the Russian Altai Mountains), represent PAO island 
arc and seamount sequences (Dobretsov, 1993 and 1995b; Berzin et al., 1994; Berzin and 
Kungurtsev, 1996; Buslov et al., 2001b).  
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The microplates typically consist of Precambrian basement rocks (e.g. Salnikova et al., 2001) with 
mainly continental affinities, overlain by their specific Palaeozoic cover. It has been proposed that 
the TM plate came into contact with Siberia by Vendian-Cambrian times (Melnikov et al., 1994; 
Pecherskii et al., 1994; Kravchinsky et al., 2001), and that it was an integral part of Siberia in Early 
Silurian times (Bachtadse et al., 2000).  
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ercynian orogeny completed the accretion of Eurasia (after Dobretsov et al., 1996). 
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The island arc systems such as Gorny Altai (figure 4.4) were accreted onto Siberia either as separate 
units or as an amalgamated part of a larger unit, as a composite with a microplate for example (e.g. 
Coleman, 1989; Berzin et al., 1994). In the latter case this gave rise to early collision events (Late 
Sinian-Vendian) within the microplates and arcs themselves. Still older events can be either related to 
the Grenvillian orogeny or to collision events of island arc systems with seamount arrays (Dobretsov 
et al., 1995a). The evolution of the Gorny Altai island arc system is a clear example of the latter case 
and will be discussed in somewhat more detail in the next chapter. 
 
In analogy with Western literature, these Early Palaeozoic collisions are sometimes grouped as the 
Caledonian orogeny (e.g. Dergunov and Kheraskova, 1982; Mossakovsky and Dergunov, 1985; 
Dergunov, 1988; Delvaux et al., 1995a). Collision of the TM microplate with the Angara-Lena 
platform of Siberia was such an Early Caledonian event. In a first stage the Siberian passive margin 
and TM were still separated by an oceanic branch, with an active south-dipping subduction zone 
beneath TM further consuming the PAO crust. In the Late Cambrian-Early Ordovician TM collided 
with the southern margin of Siberia with subduction migrating southwards (Zorin et al., 1993). By 
the Early Silurian, TM was an integral part of the Siberian continent (Bachtadse et al., 2000). TM 
formed an accreted wedge on South Siberia and effectively divided the original continuous oceanic 
basin of the PAO (sometimes termed the proto-PAO) into a western (West Palaeo-Asian Ocean, 
WPAO) and an eastern (Palaeo-Mongol Okhotsk Ocean, PMOO) section. The latter evolved as a vast 
gulf of the already existing and spreading Palaeo-Pacific Ocean, resulting in fragmentation of the 
Rodinia supercontinent. Other smaller tectonic units collided with Siberia during that time. To the 
west, collision with the Tomsk microplate and to the east, near the present position of Lake Baikal, 
collision with the Barguzin microplate occurred (Delvaux et al., 1995a) (figure 4.4). Many of these 
collisions are associated with obduction of ophiolite complexes (e.g. Dobretsov et al., 1991; Simonov 
et al., 1999; Buchan et al., 2001; Buslov et al., 2001b). 
 
Late-Silurian to Devonian tectonic events are known to have occurred along Siberia’s southern 
margin and are grouped in a Late Caledonian stage. A Late Devonian-Early Carboniferous collision 
is distinguished in the WPAO domain and interpreted as an oblique collision of the AM microplate 
with the amalgamated Siberian margin (Berzin et al., 1994; Dobretsov et al., 1995b; Buslov, 1998; 
Buslov et al., 2000; Buslov et al., 2001b). In this way several oceanic units were wedged in between 
(e.g. the Gorny Altai and Rudny Altai unit) and important dextral strike-slip faults such as the 
Teletsk, Kuznetsk-Kurai and Charysh-Terekta were created. The AM microplate was by that time 
already a composite of several smaller terranes of which the so-called Chulyshman terrane is an 
example. Hence a western Siberian active margin developed between the accreted AM terrane and 
the Kazakhstan microplate to the southwest. Both terranes were at that time separated by a branch of 
the WPAO, the so-called Ob-Zaysan or Irtysh-Zaysan basin. 
 
Evolution of the eastern CADZ involved the extension and subsequent closure of the Mongol-
Okhotsk Ocean (MOO) between the amalgamated southeastern rim of Siberia and the North China 
craton with associated smaller (Mongolian) units (Mueller et al., 1991; Zhao et al.; 1993; Gordienko, 
1994; Robinson et al., 1999). The Uralian Ocean separated the Siberian and East European cratons. 
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The Tien Shan area 
 
The Tarim basin is underlain by a vast core of continental crust in the interior of the CADZ (see 
figure 4.2). The Tien Shan Mountains form its northern boundary suture with the Central Asian 
terranes discussed so far.  
 
Along its northern margin two Palaeozoic collisional events have been inferred by most authors, 
although Chen et al. (1999) argue that the ancestral Tien Shan developed as the result of a single 
Palaeozoic closure of an oceanic domain in an oblique and hence diachronous fashion. During the 
Palaeozoic and even earlier, ophiolite and accretionary complexes were obducted along the sutures 
onto the continental crust (e.g. Gao et al., 1995; Volkova and Budanov, 1999; Chen et al., 1999). A 
first, Middle Palaeozoic collision occurred in Late Devonian-Early Carboniferous times. It involved 
thrusting of a small continental fragment, the central part of the present Tien Shan (the Ili or Yili 
block) onto the northern Tarim margin. An oceanic basin, the South Tien Shan Ocean extending 
between the colliding landmasses was actively subducted under the Central Tien Shan terrane, 
producing a magmatic arc in the Central Tien Shan. The collision occurred along the Southern Tien 
Shan suture, called the Nikolaev line or the Qinbulak-Qawabulak suture. A jump in subduction 
occurred and shifted to the current northern edge of the combined Tarim/Central Tien Shan block as 
the so-called Turkestan Ocean or North Tien Shan Ocean was being consumed. These events took 
place unrelated to the assembling Asian continent more to the north (Windley et al., 1990; Allen et 
al., 1991b; Allen et al., 1992; Zhang et al., 1993; Carroll et al., 1995; Gao et al., 1998; Chen et al., 
1999; Brookfield, 2000). 
 
 
4.3.2. The Late Palaeozoic 
 
Again, in analogy with Western literature, the Late Palaeozoic geodynamical evolution of the CADZ 
is grouped as the Variscan or Hercynian orogenic cycle. Effects of the AM-Siberia collision persisted 
throughout much of the Carboniferous, reactivating Caledonian structures (e.g. Delvaux et al., 1995a; 
Dobretsov et al., 1995b; Buslov, 1998; Buslov et al., 2003). In the Permian the PAO (including the 
Ob-Zaysan branch) is closed completely, resulting in collision of Kazakhstan with Siberia and 
inducing large sinistral strike slip displacements of the blocky mosaic orogenic rim of Siberia (e.g. 
Buslov et al., 2000) (see figure 4.4). These events all contributed to the formation of the Pangea 
supercontinent. The newly formed as well as the older, reactivated shear zones carved up the juvenile 
supercontinent. Strike-slip deformation and displacement rearranged the complex assemblage of 
terranes. The Hercynian period is further characterized by a counter-clockwise rotation of the 
Siberian craton together with its entire stabilized Caledonian rim, and by a progressing evolution of 
the MOO in the eastern part of the CADZ (Mueller et al., 1991; Xu et al., 1997; Robinson et al., 
1999; Zorin, 1999) where magmatic events were related to the convergence of Siberia with North 
China and associated blocks (Zhu et al., 2001). Northward subduction of the MOO underneath 
Siberia gave rise to an active Andean type margin. In the early stages of convergence a southward 
dipping subduction zone existed underneath the North Chinese terranes.  
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Middle and Late Palaeozoic collisional events are clearly recognized at both converging margins and 
are thought to be caused by smaller blocks or intenders as precursors to the main, complete closure of 
the MOO during the Mesozoic (Parfenov and Natal’in, 1986), that gave rise to the Mongol-Okhotsk 
fold belt (see next section). 
 
 
The Tien Shan area 
 
During Hercyian times continued closure of the so-called Turkestan or North Tien Shan Ocean, 
further to the south resulted in the accretion of the combined Tarim/Central Tien Shan terrane to the 
North Tien Shan/Bogda Shan island arc. This collision occurred in Late-Carboniferous-Early 
Permian times along the Borohoro-Northern Tien Shan suture (e.g. Kwon et al., 1989; Windley et al., 
1990; Allen et al., 1991; Allen et al., 1992; Carroll et al., 1995; Allen and Vincent, 1997; Gao et al., 
1998; Chen et al., 1999; Brookfield, 2000). The so-called Junggar Ocean between the combined 
Tarim, Kazakhstan and Siberian plates also closed during this time, although a small fragment of the 
Junggar Ocean was still present between the Tien Shan/Tarim block and the assembling Siberian 
continent (e.g. Li et al., 1989; Carroll et al., 1990). Later in the Permian, frontal collision of both 
landmasses resulted in complete amalgamation and assembly of Eurasia, trapping part of the Junggar 
plate between the collision zones. To the southwest the Tien Shan/Tarim collided with the Turan 
plate due to closure of the Turkestan Ocean between them. The Turan terrane is situated between the 
present Aral and Caspian Seas and the modern Tien Shan (Lemaire et al., 1997; Thomas et al., 1999a 
and 1999b). In the final stages of closure of the WPAO and amalgamation of the Altai, Kazakhstan, 
Junggar, Tien Shan and Tarim terranes in the Late Permian, older Hercynian and Caledonian 
structures were reactivated and large-scale counter-clockwise rotation and sinistral strike-slip fault 
movements characterize this deformational episode in most parts of the CADZ (Şengör et al., 1993; 
Allen et al., 1995; Dobretsov et al., 1995a; Bazhenov et al., 1999; Buslov et al., 2003). Major sinistral 
displacement of over more than 1000 km is recorded along the major Irtysh shear zone, following a 
somewhat older dextral shearing along the structure due to translation of Siberia with respect to 
Baltica. The Irtysh shear zone is a major structural boundary in the CADZ. It separates Siberian, 
Mongolian and Altai units to the north from Kazakhstan, Tien Shan, and Tarim to the south. 
 
 
The Ural area 
 
In the late stages of the Hercynian orogeny and Pangea assembly, closure of the Uralian Ocean 
between the East European craton and Siberia with its Caledonian and Hercynian rims was finalized, 
and the Uralian orogen was created (e.g. Scarrow et al., 2002). Today the Ural Mountains still outline 
the boundary between the European and Asian parts of the Eurasian plates. 
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4.3.3. The Altaid evolution 
 
Şengör et al. (1993) present a somewhat different view on the Palaeozoic evolution of the CADZ 
from the one outlined above. Instead of several, distinct subsequent collisional and subduction events 
building the south Siberian orogenic rim, these authors propose a single long-lasting and large-scale 
subduction zone, the Kipchak arc. In their view, the Altaids evolved along this single zone during the 
Palaeozoic as a subduction-accretion complex with arc-magmatism migrating through the complex 
with time. Earlier events along the southern Siberian margin are suggested to originate from a 
separate tectonic episode, the Baikalide orogeny, correlated with a so-called pre-Uralide orogeny 
along the eastern margin of the Baltica continent. Vendian rifting would have split of parts of the 
orogenic rim and opened an oceanic basin, the Khanty-Mansi Ocean which would more or less 
correspond to the WPAO (e.g. Dobretsov et al., 1996). An eastern oceanic basin, the Khangai-
Khantey Ocean would represent the proto-MOO as described earlier. The rifted part of the orogenic 
rim is the Kipchak arc, linking Baltica and Siberia in an analogous fashion as the Aleutian arc today 
links Siberia with North America. Oroclinical bending of the subduction-accretionary complexes 
along the Kipchak arc due to convergent and lateral movements of Baltica with respect to Siberia is 
thought to be responsible for the complex blocky mosaic structure of the Altaids, for the large-scale 
strike slip tectonics and for the orogenic events during Devonian-Early Carboniferous and Permo-
Triassic times. During these events, the Khanty-Mansi Ocean was being consumed by subduction 
under the Kipchak units. However, in the model of Şengör et al. (1993), the Khangai-Khantey Ocean 
would have closed during the Early Mesozoic, which is contradicted by recent tectonic 
reconstructions and stratigraphic work of Zorin (1999). Şengör and Natal’in (1996) use the Altaids 
terminology by Şengör et al (1993) for the Palaeozoic orogens from Central Asia. Following the 
same terminology, the Mesozoic closure of the Tethys Ocean resulted in the development of the 
Tethysides to the South (Tibet e.g.). The terranes extending between the Altaids and Thetysides are 
called the Intermediates by these authors. They were accreted onto the southern Eurasian margin 
during the Palaeozoic-Mesozoic transition. The Turan plate (presently underlying North Iran, North 
Afghanistan, Uzbekistan, Turkmenistan and Southwest Kazakhstan) is thought to be an example of 
such a unit. 
 
 
4.4. Mesozoic evolution 
 
After the Hercynian orogeny, most of the orogenic southern Siberian rim remained a mountainous, 
uplifted terrane during the Triassic period. Within the continental interior, break-up of Pangea by 
mantle-plume activity was initiated as is testified by Permo-Triassic magmatism (flood basalts) and 
rifting processes (Nikishin et al., 2002). The Jurassic and Early Cretaceous are characterized by more 
localized events leading to formation of a number of tectonic intramontane depressions, filled with 
typical continental molasse deposits, volcanics and lacustrine coal bearing sediments. In general, 
these events started earlier in the western part of the orogenic belt.  
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In the Baikal region these basins have been associated with the initial stages of extension and 
opening of the Baikal Rift Zone (BRZ) after collapse of the uplifted area following the exclusively 
compressional tectonics during the Mongol-Okhotsk orogeny (Ermikov, 1994; Delvaux et al., 1995a; 
Zorin, 1999). During this continental extension various metamorphic core complexes were exhumed 
as a result of tectonic unroofing. During the Late-Cretaceous-Early Palaeogene, a period of regional 
tectonic quiescence and a warm, humid climate led to the development of an ubiquitous lateritic 
peneplain in many parts of Central Asia. It is recognized from the Baikal area to the current Tien 
Shan and Tarim areas (Ermikov, 1994; Deev et al., 1995; Delvaux et al., 1995a; Dobretsov et al; 
1996). Dobretsov et al. (1996) also suggest the existence of a Triassic peneplain that is also found 
reworked in coal-bearing Jurassic intramontane basins in the Altai-Sayan area of the CADZ. 
 
To the west of the current CADZ the Mesozoic development of the West Siberian Basin began. Its 
rifting can be associated with the incipient break-up of Pangea. To the east closure of the MOO 
continued and finally resulted in the Mongol-Okhotsk orogeny as mentioned earlier. At the southern 
Eurasian margin, accretion was a still ongoing process due to subduction of the Palaeo-Tethys 
oceanic lithosphere between Gondwana and Eurasia. Tectonic units forming the present Tibetan 
Plateau and adjacent regions collided with the amalgamated Eurasian continent as precursors of the 
collision with India during the Cenozoic. During the Mesozoic a less-active tectonic regime prevailed 
in the Tarim/Tien Shan region. Nevertheless during the Triassic to Middle Jurassic important 
episodic fault movements appear to have taken place throughout the region (e.g. Burtman, 1980; 
Hendrix, 2000). 
 
 
4.4.1. The Mongol-Okhotsk Fold Belt 
 
Sustained subduction of the MOO finally led to complete closure of the oceanic basin in the Late 
Jurassic-Early Cretaceous. Plutons from the Siberian active margin typically yield K-Ar ages from 
the Triassic to the Late-Jurassic. Subduction only occurred at the Siberian active margin as the North 
Chinese margin evolved into a passive margin during Permo-Triassic plate reorganization, marking 
the incipient break-up of the Pangea supercontinent. Remnants of the subducted oceanic lithospheric 
slab can still be recognized by seismic tomography as zones of high seismic velocity west of the 
present Lake Baikal (Van der Voo et al., 1999). North China was associated with Central Mongolian 
terranes during Early-Late Permian collisions that led to a composite Mongolian-North China 
continent. Collision between this North Chinese continent with the assembled Siberian orogenic rim 
resulted in the construction of the Mongol-Okhotsk Fold Belt, which is thought to have been similar 
in style and dimensions to the modern Himalayan orogen (e.g. Xu et al., 1997; Zorin, 1999). The 
main collision is constrained to the Middle Jurassic by Zorin (1999). During this collision several 
oceanic domains and island arcs (the Onon arc for example) were incorporated in the orogenic 
edifice. The collision has been documented by AFT dates that indicate an important Early Cretaceous 
denudation of the orogen in the Baikal area (van der Beek et al., 1996).  
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Deformation was not only confined to the collision zone itself, but affected many parts of the 
Caledonian and Hercynian hinterland, reaching even the Siberian cratonic border in the Transbaikal 
area (Ermikov, 1994; Zorin, 1999). The Mongol-Okhotsk orogeny therefore dominates (in most part) 
the Mesozoic history of the eastern areas of the CADZ. Stresses were mainly transmitted through 
reactivation of pre-existing Caledonian and Hercynian structures within the crust. Further to the east, 
accretion of Siberia led to another contemperaneous Mesozoic fold belt bordering the Siberian 
cratonic core: the Verkhoyansk Fold Belt (figure 4.3) (e.g. Faure et al., 1995; Parfenov et al., 1995; 
Bazhenov et al, 1999a) which is in fact a continuous suture with the Mongol-Okhotsk Fold Belt 
running from the Lake Baikal region to the present Sea of Okhotsk. Today the Mongol-Okhotsk fold 
belt can be followed along mountain ranges south of the Siberian craton (Hangai and Khentai for 
example) (figure 4.1). 
 
 
4.4.2. The West Siberian Basin 
 
The West Siberian Basin is a large sedimentary basin accommodating thick, mainly continental, 
Mesozoic and Cenozoic sequences but with evidence of marine incursions. The basin is located 
between the East European and Siberian cratons (figure 4.1 and 4.2). It is bounded by the Urals in the 
west, by parts of the CADZ (Kazakh and Altai orogens) to the south and southeast, and by the 
Siberian craton to the east. To the north it is limited by the so-called Taymyr fold belt (figure 4.3), 
which is a Late Palaeozoic-Early Mesozoic fold belt forming the northern margin of Siberia. The 
continental sediments were supplied by rivers draining the Siberian Hercynian orogenic rim (Surkov 
et al., 1994). The Mesozoic sediments of the basin form an important hydrocarbon reservoir (e.g. 
Sahagian et al., 1996; Shurygin et al., 1999). 
 
The basement of the West Siberian Basin is composed of typical units that also make up the 
Caledonian and Hercynian basement of the CADZ, and in that sense it is an integral part of these 
Palaeozoic fold belts suturing the East European and Siberian cratons in the Pangea assembly. The 
basement is thus a continuation of the Caledonian and Hercynian orogens related to the evolution of 
the Uralian and Palaeo-Asian oceans, with island arcs and collisional systems (the Novosibirsk area 
e.g.), microcontinents (the Kokchetav microcontinent of Kazakhstan e.g.), relict ocean basins and 
rifts (Aplonov, 1995). During Permo-Triassic times, a rift system developed in the West Siberian 
basin as a consequence of the early break-up of Pangea due to mantle plume activity (Surkov et al., 
1994; Dobretsov et al., 1996; Nikishin et al., 2002). The Irtysh rift that is related to the vast Irtysh 
shear zone, bounding the southwestern Altai Mountains, is an example of a main rift within the West 
Siberian Basin. Rifting occurred during most of the Early Mesozoic. In the early phases (~250 Ma 
ago) it was associated with a vast province of rift basalts which recently have been correlated with 
the enormous area of Siberian flood basalts (Siberian Traps, Tungus basin; see figure 4.3) on the 
Siberian craton, making it the largest known flood basalt province on Earth (Nikishin et al., 2002; 
Reichow et al., 2002). The majority of the West Siberian rifts evolved and became extinct entirely in 
a continental setting. However, parts developed into a new, small oceanic basin with active sea-floor 
spreading, called the Obsky Ocean (Aplonov, 1988 and 1995).  
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Sediments in the West Siberian Basin bare witness to several marine, trangressive incursions. After 
active rifting, the West Siberian Basin experienced subsidence in a passive tectonic regime, and in 
Late Cretaceous-Early Tertiary times, the basin was largely filled with sediments (Aplonov, 1995). 
From the Middle Cenozoic onwards, basins of the Arctic Ocean opened, shifting depocenters further 
northwards (Surkov et al., 1997). 
 
In summary, it appears that the first stages of West Siberian Basin evolution and Early Mesozoic 
sedimentation are clearly linked with continental rifting and tectonic processes affecting the 
Palaeozoic basement, while a second episode, from Upper Jurassic until Middle Eocene 
sedimentation is characterized by transgressive and regressive cycles (Surkov et al., 1994; Sahagian 
et al., 1996; Surkov et al., 1997; Baraboshkin, 1999; Pinous et al., 1999; Shurygin, et al., 1999). After 
this episode, and persisting until the present, West Siberia became a tectonically stable platform, 
residing near sea level with small oscillations possibly linked to Arctic ocean spreading. 
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121 
Chapter 4: Geological and geodynamic setting                                                                                                                  
4.4.3. The Altai region 
 
As like many parts of the CADZ, the Altai region was subjected to peneplanation in Triassic times, 
after the cessation of tectonic movements associated with the closure of the Ob-Zaysan branch of the 
WPAO in the Permian. This period of tectonic quiescence was disturbed in the Jurassic. Two pulses 
of a Jurassic tectonic reactivation of the orogen are evident from coarse, often coal-bearing molasse 
infill in Mesozoic intramontane basins in the Altai region. These fault-controlled basins are scarce in 
the Russian Altai region. However, they are more abundant in the Mongolian and Gobi Altai (figure 
4.5). In some of these basins, an Early Jurassic molasse unconformably overlies the Hercynian 
basement. In other places this molasse rests on remnants of Triassic red beds. This first Jurassic pulse 
seems to have been followed by a less active period, characterized by lacustrine deposits in the 
Mesozoic Altaian basins. 
 
A Late Jurassic-Early Cretaceous tectonic event is witnessed in the stratigraphy by another horizon of 
coarse molasse deposits. The Jurassic molasse deposits reach 1 to 2 km in thickness in some of the 
basins (Dobretsov et al., 1996). Later in the Cretaceous and the Palaeogene, the newly developed 
Jurassic orogen was subjected to peneplanation and finer clastics were deposited. The sedimentary 
evidence of Jurassic mountain building in the Altai is also supported by sedimentary suites in the 
large basins bordering the Altai, i.e. the Biya-Barnaul and Kuznetsk depressions of the West Siberian 
basin to the north, the Zaisan and Junggar basin to the southwest and the Mongolian Depression of 
the Great Lakes to the east (e.g. Cunningham et al, 1996a and 1996b; Dobretsov et al., 1996; 
Novikov, 2002; Buslov et al., 2003). These basins accumulated most of the eroded material 
originating from the denudation of the Mesozoic Altai. Burial history analyses in hydrocarbon 
exploration studies on the northern Junggar margin confirm this Late Jurassic-Early Cretaceous event 
(Parnell et al., 1993). The Mesozoic Kuznetsk basin was affected at that time by oblique thrust 
movements along the northern limit of the Altai Mountains and is thought to have been situated 
directly north of the Mesozoic Altai orogenic deformation front (Novikov, 2002; Buslov, pers. 
comm.). At present, the reactivated deformation front of the Altai Mountains does not extend that far 
to the north. 
 
Jurassic tectonic activity in the Altai region is also demonstrated by the development of thrusts (as in 
the Kuznetsk area) and other fault movements, by plutonic activity (e.g. Ilyin et al., 1994; Vladimirov 
et al., 1997) and metamorphism (e.g Novikov, 2002). The Jurassic and Early Cretaceous activity 
occurred along older Palaeozoic structures. In our study area in the Altai, the Shapshal, Kurai and 
Irtysh fault zones were sites of major strike-slip movements during this period (e.g. Chikov and 
Zinoviev, 1996; Dobretsov et al., 1995b and 1996; Laurent-Charvet et al., 2002; Buslov et al., 2003). 
 
The Mesozoic reactivation is evident, but not well understood. The timing coincides clearly with the 
evolution of the West Siberian Basin and the Mongol-Okhotsk orogen, but it is not clear how and to 
what extent tectonic activity in the Altai is related to these events.  
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It should also be noted that there has been a considerable post-Permian internal reorganisation of the 
various tectonic units by rotation and strike slip (e.g. Li, et al., 1989; Sharps et al., 1989; Cogné et al., 
1995; Gilder et al., 1996; Buslov, 1998; Bazhenov et al., 1999; Buslov et al., 2003) that might be 
linked to both Mesozoic events mentioned above, as well as to continuing accretion at the southern 
margin of Eurasia. 
 
 
4.4.4. The Tien Shan region 
 
Collision of Tibetan and adjacent blocks resulted in polyphase reactivation of the Palaeozoic Tien 
Shan structures. A clear illustration of this is given by the Mesozoic reactivation of the Talas-
Fergana fault zone and the development of the associated Fergana basin (e.g. Bazhenov, 1993; 
Sobel and Arnaud, 2000) (figure 4.6).  
 Figure 4.6: Sketch map and cross section of the western Tien Shan with intramontane and adjacent foreland basins
with Mesozoic and Cenozoic sediments. TFF = Talas-Fergana Fault, NTS = North Tien Shan Suture (or Borohoro
suture), STS = South Tien Shan Suture (or Nikolaev line or Qinbulak-Qawabulak suture). 123 
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As in many places within the CADZ, the Permian is a period of clastic, continental sedimentation, 
interrupted by pulses of magmatism, linked to Pangea disassembly and extension within the Junggar 
plate. In the Triassic, tectonic reactivation (reverse faulting and thrusting) can be associated with 
collisions within Tibet along the Kunlun and Altyn Tagh sutures. In this manner an ancestral Tien 
Shan orogen was created, acting as a physiographical boundary between the Junggar and Tarim 
basins. Subsequent tectonic pulses related to Tibetan evolution are also recorded in the Jurassic after 
an episode of Early Jurassic stability. Intramontane basins accumulated significant amounts of 
lacustrine and alluvial deposits that are often coal bearing, and the Junggar and Tarim basins acted as 
foreland basins accumulating thick, mostly coarse clastics derived from the orogen (e.g. Allen et al., 
1991; Chen et al., 1991; Hendrix et al., 1992; Allen and Vincent, 1997; Hendrix, 2000). During the 
Cretaceous, a new episode of tectonic quiescence commenced as the terranes composing the present-
day Tibet had amalgamated onto the Eurasian margin. The Cretaceous and Early Palaeogene is 
consequently a period of peneplanation and formation of red beds which are called the Kokturpak 
suite in the Kyrgyz Tien Shan. Small amounts of basaltic and diabasic rocks (dated with the 40Ar/39Ar 
method) were emplaced (Sobel and Arnaud, 2000) and could be the result of a small plume beneath 
the Tien Shan. The 40Ar/39Ar dates for the basaltic rocks range roughly between 20 and 80 Ma, with 
most dates clustering between 40 and 50 Ma. According to these authors, this magmatism may be a 
far-field effect of the MOO closure. Yin (2003) argues that partially molten Mesozoic slabs of 
subducted Tethyan lithosphere might be the source of these magma’s. 
 
The Cenozoic collision of India with Eurasia initiated a new and ongoing era of tectonic reactivation 
and active mountain building in the Tien Shan region (section 4.5.5.1). This younger neotectonic 
overprint of the same inherited structures impedes the identification and interpretation of the 
Mesozoic tectonics. 
 
 
4.4.5. Tibet and adjacent regions 
 
Tibet as it appears today is built up by continental fragments broken off from Gondwana during Late 
Palaeozoic and Early Mesozoic (figure 4.7). The Qiangtang block broke off during Late 
Carboniferious-Early Permian times, while the Lhasa block drifted away in the Late Triassic 
(Garzanti et al., 1999). By the Cretaceous, Gondwana was disintegrating rapidly, resulting in the 
break-off of the Indian subcontinent that started its northward movement behind the smaller 
fragments towards the Siberian/Eurasian continent (Acharyya, 1998). This caused the progressive 
closure of the Palaeo-Tethys and Neo-Tethys Oceans (figure 4.7) existing between both continents 
(e.g. Dewey et al., 1988; Enkin et al., 1992; Ricou, 1994; Yin and Harrison, 2000). In the Latest 
Triassic, the smaller Peri-Gondwanian fragments started colliding with the southern Eurasian 
Thetyan margin. From west to east, the Farah or Afghan block, the Central Pamir block and the 
Qiangtang block docked with Eurasia along the so-called Jinsha suture (e.g. Tapponier et al., 1981; 
Bazhenov, 1996; Thomas et al., 1999a).  
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Deformation associated with these events can be traced throughout the Eurasian margin into the 
continental interior where it caused fault movements in the Junggar, Tarim and Tien Shan regions 
(Allen et al.; 1991b; Hendrix et al., 1992; Otto, 1997) as mentioned in the previous section. 
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Figure 4.7: Mesozoic break-off of the Qiangtang and Lhasa blocks from Gondwana 
and subduction of the Paleo- and Neo-Thetys Oceans under the active southern 
Eurasian rim. Mesozoic accretion of these blocks onto Eurasia formed the basement 
of the current Tibetan Plateau and acted as a precursor to the major India/Eurasia 
continent-continent collision in the Cenozoic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
During the Early and Middle Jurassic, a volcanic arc developed along the new southern orogenic rim 
of Eurasia, related to the northward subduction of Neo-Tethyan oceanic crust (Liu and Einsele, 1994; 
Ricou, 1994), while the northern Indian margin remained a passive margin. In the Late Jurassic to 
Early Cretaceous the Lhasa block collided with Eurasia along the Banggong-Nujiang suture (Mattern 
et al., 1998) (figure 4.7 and 4.10). Subduction shifted towards the southern Lhasa margin, where a 
large batholith, the Transhimalayan or Gangdese batholith, developed (Weinberg and Dunlap, 2000) 
(figures 4.8 and 4.9). Both the volcanic arc and the batholith evolution point towards the existence of 
an Andean type orogeny at that time. At that time the Lhasa block was part of a larger merged 
microplate, called Mega Lhasa (Ricou, 1994), joining Lhasa with parts of present Iran, Afghanistan 
and Burma (Acharyya, 1998). The collision started somewhat earlier in the west (Iran) and 
progressively migrated eastward in a scissor-like movement. All the aforementioned collisions 
together constitute the Cimmerian or Cimmeride orogeny.  
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Within the Junggar and Tarim/Tien Shan region, some tectonic activity at that time can be linked to 
distal effects of this collision (Liu, 1986; Coleman, 1989; Enkin et al., 1992; Hendrix et al., 1992; 
Allen et al., 1995; Otto, 1997; Allen et al., 2001). For example, thrusting at the margins of the Tarim 
and Junggar basins induced the development of a flexural foreland basin in that region (Allen et al., 
1993). In the Mid-Cretaceous, subduction of the Neo-Tethys ocean lithosphere continued in the 
western part of the Eurasian margin, while to the east the Burmese part of Mega Lhasa was accreted 
completely. An island arc system, the Dras-Kohistan-Ladakh Arc (e.g. figure 4.8) collided with the 
Pamir and Lhasa blocks in the Early Cretaceous, forming the northern suture along which the 
Himalayas started to develop around the Cretaceous-Palaeogene transition, and causing deformation 
within the Pamirs (Bard, 1983; Treolar et al., 1996; Yamamoto and Nakamura, 1996; Searle et al., 
1999a). 
 
 
A smaller crustal block, the Karakoram, was squeezed between the Pamir block and the Kohistan-
Ladakh Arc, along the so-called Shyok suture (Gaetani et al., 1996; Gaetani, 1997). The boundary 
between the Tarim and Karakoram is formed by the western Kunlun Mountain Belt (e.g. Mattern et 
al, 1996; Yang et al., 1996). Another smaller block trapped between Tibet (Qiangtang) and Tarim is 
the Qaidam block, forming the basement of the present Qaidam basin (Chen, W. et al., 1999) (figure 
4.10). The boundary between the Qaidam basin and Tibet is formed by the eastern Kunlun 
Mountains, along which a major sinistral strike slip fault is exposed, the Kunlun fault (e.g. Mock et 
al., 1999). The boundary between Qaidam and Tarim is delineated by another major sinistral strike 
slip fault zone, the Altyn Tagh fault (e.g. see figures 4.1 and 4.10), which is one of the most 
prominent faults in the CADZ (Şengör and Natal’in, 1996; Bedrosian et al., 2001). The northeastern 
boundary of the Qaidam basin is formed by the Qilian Shan Mountains. To its southwestern part the 
Altyn Tagh fault cuts the Kunlun Mountain Belt, dividing it in the eastern and western section 
mentioned above. The Kunlun Mountains are terranes belonging to the southern margin of Tarim and 
some smaller allochtone terranes accreted onto this margin during several events (e.g. Yang et al., 
1996; Xiao et al., 2002). During the evolution of the Tibetan Plateau, the Kunlun and the Qinling 
ranges were reactivated and consist of actively forming mountain fronts today (Xue et al., 1996). 
 
 
During the Mesozoic and continuing in the Cenozoic, the basins located in present Central Asia and 
Western China are characterized by compressional tectonics during the Mongol-Okhotsk, Cimmeride 
and Himalayan orogenies (e.g. Tarim, Junggar, Qaidam), while more to the east, the basins are 
characterized by extensional tectonics (e.g. Baikal, Shansi, Bohai) associated with incipient rifting 
within and behind the subduction zone of the Pacific Ocean (Chen and Dickinson, 1986; Delvaux et 
al., 1995a). 
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4.5. Cenozoic evolution of the CADZ and adjacent regions 
 
The Cenozoic evolution of Central Asia is clearly dominated by the collision and ongoing 
convergence and indentation of India into Eurasia. The partitioning of the strain throughout this 
entire region resulted in the formation of the Himalayan mountain range, uplift of the Tibetan 
Plateau, extrusion tectonics along major strike slip faults and rejuvenation of older structures far in 
the interior of the Eurasian plate. 
 
 
4.5.1. The India/Eurasia collision 
 
There has been some debate on the exact timing of the continent-continent collision of India with 
Eurasia. In the last years, some compromise has been reached, constraining the collision to the 
Palaeocene-Eocene transition some 45 to 55 Ma ago (e.g. Yin and Harrison, 2000). Because the 
collision zone is over 2000 km long, collision was likely diachronous and can hardly be confined to a 
sharply defined point in time for the entire zone. Incipient collision was accompanied by a marked 
velocity reduction in the northward movement of the Indian plate as can be observed in 
Palaeomagnetic seafloor data (Patriat and Achache, 1984; Klootwijk et al., 1992). The collision was 
caused by the complete closure of the Tethyan Ocean between the converging Gondwanian 
continents of India, Arabia and Africa with Eurasia, resulting in a vast orogenic zone at the southern 
Eurasian margins (Ricou, 1994). This orogenic zone was called the Thetysides by Şengör and 
Natal’in (1996) and comprises the Alpine orogen in southern Europe and the Himalayan orogen in 
South-Central Asia. 
 
India rifted away from Gondwana in the Middle Cretaceous, during the incipient opening of the 
Indian Ocean. There is evidence of an early contact between India and Eurasia, around the 
Cretaceous-Palaeocene transition ~65 Ma ago (e.g. Patriat and Achache, 1984; Klootwijk et al., 
1985; Klootwijk et al., 1992). The hypothesis is that this earlier contact indicates a Greater India 
(Veevers et al., 1975). The huge subducting Thetyan oceanic slab would have pulled the northern 
zones of the Indian lithosphere under Eurasia where it would still reside today (e.g. Patzelt et al., 
1996; Mattauer et al., 1999). In this way, part of India is underthrust or underplated under Tibet. 
Break-off of the dense and cold slab as it sunk deeper into the mantle would have released the less 
dense Indian plate and buoyancy effects could then have played a role in the rise of the Tibetan 
Plateau. The effects of this massive collision are not solely accommodated by crustal thickening 
under the Himalayas and Tibet. Penetration of India (probably 2600 ± 900 km according to Patriat 
and Achache, 1984) also caused the extrusion of Southeast Asia along strike slip faults, and 
reactivation and active tectonics in the CADZ as is dealt with in the next sections. There is also 
evidence that the interior of the Indian plate is being deformed as convergence continues 
(Neprochnov et al., 1988; Curray and Munasinghe, 1989). 
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In recent years, geodetic techniques such as GPS measurements have extensively been used to study 
the rates of active deformation within the collision zone itself and in Central and East Asia as a whole 
(Larson et al., 1999; Chen et al., 2000; Holt et al., 2000; Reigber et al., 2001; Wang et al., 2001; 
Thompson et al., 2002). These measurements clearly improve our understanding of the effects 
associated with a major continent-continent collision. 
 
 
4.5.2. The Himalayan orogeny 
 
One of the most obvious results of the India/Eurasia collision is the Himalaya mountain belt (figures 
4.8 and 4.9) that developed on the southern Tibetan and northern Indian margins. The timing of the 
collision is constrained to the Early Eocene. The suture zone of the collision is marked by several 
ophiolitic complexes (e.g. Wang et al., 2000; Corfield et al., 2001; Pedersen et al., 2001) and is called 
the Indus-Zangbo (or Indus-Yarlung) suture zone (IZSZ) (e.g. Aitchison et al., 2000). To the north of 
this suture, in southern Lhasa, lies the Transhimalayan or Gangdese batholith (see section 4.4.5). In 
the western part of the orogen, the Dras-Kohistan Island Arc was accreted to the Pamir-Karakoram 
block in the Middle Cretaceous along the Shyok suture. Development of the Himalayas to the south 
of Kohistan occurred through thrusting of the Kohistan sequences onto the Indian plate along the 
Main Mantle Thrust (MMT) (e.g. Anczkiewicz et al., 2000). The Kohistan Arc is separated from the 
so-called Ladakh Arc by the wedging Nanga-Parbat syntaxis of the Himalayas (e.g. Butler et al., 
1989; Vince and Treolar, 1996). The Nanga Parbat promontory was probably the first part of India to 
collide with Eurasia. Both arc sequences may well have belonged to the same Tethyan volcanic arc 
that accreted to southwestern Tibet during the Mesozoic.  
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Figure 4.8: Sketch map of the Himalayan orogen. The several tectonic units of the orogen are discussed in the text. BNS 
= Bangong-Nujiang suture, DKA = Dras-Kohistan Arc, GB = Gangdese Batholith, IZS = Indus-Zangbo suture, MBT = 
Main Boundary Thrust, MCT = Main Central Thrust, MFT = Main Frontal Thrust, NP = Nanga Parbat syntaxis, PK = 
Pamir-Karakoram, SS = Shyok suture, STD, Southern Tibetan Detachment. 
 128 
Chapter 4: Geological and geodynamic setting                                                                                                                  
The region is at present a site of extensive exhumation and tectonic and isostatic uplift, exposing 
high-grade metamorphic rocks and migmatites (e.g. George et al., 1995; Searle, 1996a; Dunlap et al., 
1998; Leland, 1998; Hubbard et al., 1999; Schneider et al., 2001). The movements are related to the 
dextral Karakoram fault zone, running along the eastern edge of the Pamir-Karakoram-Ladakh 
region, where it adjoins the IZSZ. 
 
South of the IZSZ the Tethyan Himalayas or Tibetan Tethys Zone is exposed (Liu and Einsele, 1994; 
Patzelt et al., 1996; Willems et al., 1996). They are inverted Indian Tethyan passive margin 
sequences (Mesozoic-Early Tertiary) forming the former northern edge of the Indian plate and bound 
by the South Tibetan Detachment (STD). The STD branches off into an array of low angle normal 
faults, the North Himalayan Normal Fault System (NHNF) along which the northern part of the 
Himalayan orogen developed (Henry et al.; 1997; Lee et al., 2000). Directly south of the STD is the 
domain of the High Himalayas or Crystalline Himalayas, thrust southward upon the Lesser 
Himalayas (DeCelles et al., 2000; Huyghe et al., 2001) along the Main Central Thrust (MCT). The 
High Himalayas are assumed to represent Indian basement rocks and are composed mainly of high-
grade metasedimentary rocks (Marquer et al., 2000), intruded by granitoids of Early Palaeozoic and 
of Miocene age (e.g. Miller et al., 2001; Noble et al., 2001). The Early Palaeozoic granitoids 
represent an old event that is not related to the evolution of the Himalayan orogen. Mount Everest is 
part of the Crystalline Himalayas. The high-grade rocks are tectonically exhumed by a coeval 
combined movement of thrust nappes along the MCT and synorogenic extension related to the 
NHNF (Beaumont et al., 2001; Vannay and Grasemann, 2001). The active fold belt of the Siwaliks 
forms the southern limitation of the Himalayan mountain belt (Harrison et al., 1993; Hurtrez et al., 
1999). The Siwaliks are separated from the Lesser Himalayas by the Main Boundary Thrust (MBT) 
and from the undeformed Indian plate by the Main Frontal Thrust (MFT). The Siwaliks are largely 
made up of Miocene and Pleistocene molasse sediments derived from the uplifted Himalayan thrust 
belts and deposited in the evolving Himalayan foreland basin. 
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Figure 4.9: Cross-section of the Himalayan orogen. CH = Crystalline Himalaya, GB = Gangdese Batholith, 
IZSZ = Indus-Zangbo suture zone, LH = Lesser Himalaya, MBT = Main Boundary Thrust,  MCT = Main 
Central Thrust,  MFT = Main Frontal Thrust,  MHT = Main Himalayan Thrust, Si = Siwaliks, STD = 
Southern Tibetan Detachment, TH = Tethyan Himalaya. 
129 
Chapter 4: Geological and geodynamic setting                                                                                                                  
Timing, rate and amount of growth (uplift) of the several Himalayan ranges is associated with the 
activity of the different major Himalayan thrust systems. The oldest continental sediments in the 
Himalayan foreland basins are thought to be of Late Eocene age (Najman et al., 2001). The 
Himalayan thrusts form main structures along which crustal stacking resulted in the significant 
thickening of the Indian crust and the formation of the Himalayan orogenic wedge. After initial 
contact along the IZSZ in the Eocene, the Gangdese batholith was thrust over the IZSZ probably 
during the Oligocene along the Gangdese thrust system (GTS) (Harrison et al., 1992; Yin and 
Harrison, 2000). Underthrusting of the Indian plate shifted southward to the MCT in Early Miocene 
times (~20 Ma ago), subsequently to the MBT and finally to the presently active MFT of the southern 
Siwaliks (Johnson and Rogers, 1997; Johnson et al., 2001; Vannay and Grasemann, 2001). More or 
less synchronously with the MCT activity extension along the STD tectonically exhumed large parts 
of the Crystalline Himalayas (Burchfiel et al., 1992). The Himalayan thrust and extensional structures 
seem to converge at depth to a “Main Himalayan Thrust”, which might be interpreted as the zone 
along which the Indian lithosphere is underthrusting Eurasia (Hauck et al., 1998). 
 
The main thrusting and formation of the Himalayan orogen is probably of Miocene age, while several 
studies have indicated an intensifying active Himalayan and Tibetan tectonic and isostatic uplift since 
the Pliocene and have linked this evolution to a dynamic interaction with changing climate (Burbank, 
1992; Harrison et al., 1993; Peizhen et al., 2001). In particular, the development of the Asian 
monsoon is seen to be an effect of the Himalayan and Tibetan uplift as the large uplifted area 
disturbed pre-existing atmospherical circulation, while the monsoonal climate has an impact in its 
turn on the erosion, isostatic uplift and landscape development of the entire area. The climatic 
markers are mainly vegetation shifts and stable isotope composition of Himalayan gastropod shells 
for example. 
 
 
4.5.3. The Tibetan Plateau 
 
The assembly of Tibet mainly occurred in the Middle and Late Mesozoic as discussed in section 
4.4.5. The southern part of Tibet, the Lhasa block, was part of the Eurasian active margin as India 
collided with Eurasia in the Eocene. The southern part of Lhasa (South Tibet) is characterized by the 
large Transhimalayan or Gangdese batholith. Directly south of the batholith is the IZSZ, marking the 
northern boundary of the Himalayan mountain belt and the suture between Eurasian and Indian 
basement (figures 4.8, 4.9 and 4.10). North of the suture lies the Tibetan Plateau. In the southwest 
Tibet is bound by the dextral Karakoram strike slip fault zone (KKF). The KKF separates Tibet from 
the Pamir-Karakoram block. In the southeast the Jiali dextral fault zone (JF) forms the boundary of 
the Plateau. Between the KKF and Jiali, smaller dextral faults seem to form transfer zones between 
both larger structures (figure 4.10). In this zone several E-W extensional structures (grabens) are 
forming since about Pliocene times (e.g. Armijo et al., 1986; Yin, 2000). The amount of extension in 
its own right however is quite small compared to the scale of the collision induced tectonic 
movements on a broader scale. The extensional features are present in southern Tibet as well as in the 
northern part of the Himalayan orogen (Tapponnier et al., 2001).  
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These structures, here and elsewhere in the CADZ, directly postdate associated volcanic activity. 
Following these structures further to the east, through eastern Tibet, Yunnan (China) and to the South 
China Sea, the JF seems to pass into the important dextral Red River fault zone (RRF). The South 
China Sea is actually interpreted as a pull-apart basin at the southern extremity of the RRF (see e.g. 
figures 4.10 and 4.11). 
 
The northern limit of Tibet is delineated largely by the major sinistral Altyn Tagh fault (ATF, see 
earlier); in the northeast, the boundary is formed by the sinistral Kunlun fault (KLF) (figure 4.10 
e.g.). Along the ATF and KLF, the Kunlun orogen has developed along the Tibet-Tarim border as a 
consequence of crustal shortening and fault movements associated with the India/Eurasia collision. 
The smaller Altyn Tagh orogen along the ATF is a transpressional feature linked to the large left 
lateral displacement of the ATF acting simultaneously with thrusts in the N-S compressional regime 
induced by the India/Eurasia collision (Wittlinger et al., 1998). The Qaidam basin is situated in the 
northeastern corner of the Tibetan Plateau, between the ATF and KLF gap. The basin is bound to the 
north by smaller thrust belts (Nan Shan and Qilian Shan). The combination of sinistral movements in 
the north and dextral movements in the south of Tibet, resulted in an eastward extrusion of the entire 
Tibetan Plateau with respect to the indenting Indian plate (Dewey et al., 1988; Armijo et al., 1989; 
Yin et al.; 1999; Yin and Harrison, 2000).  
 
The Tibetan strike-slip movements along the ATF, KKF and KLF seem to have been the most 
intense in the last 5 Ma and especially in the Holocene (e.g. Searle, 1996b; Bedrosian et al., 2001; 
Washburn et al., 2001). Recent (Pliocene-Quaternary) tectonic activity is also evident in the Qaidam 
basin, in the bordering Qilian Shan ranges (Chen, W., 1999; Bedrosioan et al., 2001; Wang et al., 
2001) and in the Kunlun Mountains (Wu et al., 2001) (figure 4.10). The movements are coeval with 
active thrusting of the Pamir onto the southern Tarim margin, which can also be linked to the dextral 
slip along the KKF. 
 
Strike-slip along the ATF is thought to be responsible for a large amount of accommodation of the 
northward convergence of India during the present. However, Bendick et al. (2000) find no evidence 
of large-scale activity along the ATF. Movements along the RRF are responsible for the extrusion of 
Southeast Asia (see next section), and are older, mainly of Oligocene to Early Miocene age, directly 
preceding the major Miocene thrust movements in the Himalayan orogen (Fielding, 1996). The 
Miocene change (around 20 Ma ago) in tectonic regime is quite marked and prominent in a variety of 
geological records. In general, the Late Palaeogene deformation is mainly expressed by extrusion 
tectonics (mainly along the RRF), but in general, Palaeogene deformation in the region and in the 
entire CADZ is far less understood. In some areas there is evidence of Eocene and Oligocene red 
beds in Tibet, suggesting some episode of quiescence. 
 
It is clear that a large portion of the India/Eurasia convergence is taken up by crustal thickening and 
underplating in the Himalayas, Tibet, and adjacent regions. The average Moho-depth under Tibet is 
at least 65 km, and reaches 75 km under the Himalayas (figure 4.9).  
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Large-scale strike-slip movements accommodate another significant portion of the India/Eurasia 
convergence, resulting in extrusion tectonics (see next section). The mechanism of uplift of the 
Tibetan Plateau has been the subject of debate since long and several hypotheses have been put 
forward. A much cited explanation is that it is an effect of the underthrusting and buoyancy induced 
rebound of the Indian crust under Tibet (Owens and Zandt, 1997). Another hypothesis is that ongoing 
convergence and compression resulted in the shortening of the entire Asian crustal column, including 
both the Himalayas as well as Tibet. A third line of reasoning follows the underplating theory of 
southern Eurasia, involving the stripping of parts of the lithospheric mantle (lithospheric 
delamination) of Tibet by the subducting Indian slab, and replacement by hotter, less dense 
asthenospheric material (e.g. England and Houseman, 1988). Willett and Beaumont (1994) suggested 
that subduction of the Asian lithospheric mantle beneath Tibet could account for the uplift of the 
Plateau. Yet another possibility is injection of parts of the Indian crust in the ductile lower crust of 
Tibet, raising the Tibetan Plateau hydraulically (Zhao and Morgan, 1987). Le Pichon et al. (1997) 
present an interesting alternative and argue that metamorphic transitions from eclogite to granulite 
facies within the lower Tibetan crust may account for an overall crustal density decrease, leading to 
an isostatic adjustment and uplift of the Plateau. 
 
Another subject of debate involves the time when the maximal elevation of the Plateau was attained. 
Most authors nowadays think that Tibet reached its present altitude about 8 Ma ago (Harrison et al., 
1992 and 1995; Fielding, 1996; Yin and Harrison, 2000), while others presume that it has been at its 
present elevation for more than 14 Ma. Still others attribute a very young age of 3.5 Ma and less to 
the uplift of Tibet (Wu et al., 2001). Wu and co-workers base their hypothesis mainly on the climatic 
record. Whatever the exact cause and timing may be, it is thought that at a certain point the Tibetan 
Plateau reached a maximum elevation, after which the constraining stresses at its margins were not 
sufficient any more to resist the high gravitational potential of the Plateau, causing it to collapse and 
inducing the aforementioned extensional features, the strike-slip movements and resulting eastward 
extrusion along its margins (Fielding, 1996). However, Tapponnier et al. (2001) argue that the 
extension must not necessarily be explained in this way and that simple kinematics related to slip-
partitioning and divergent thrusting are sufficient. It is at this time of maximal elevation that climatic 
effects start to be manifest. Qiang et al. (2001) and Zhisheng et al. (2001) made correlations between 
tectonics and climate and link the vast Chinese loess deposits around 8 Ma ago to the onset of the 
Asian monsoon and the Tibetan uplift. An intensifying monsoon regime has been observed around 
3.5 Ma. This coincides with and would explain the data of Wu et al. (2001) mentioned above. 
 
Recently Tapponnier et al. (2001) presented a comprehensive review of the formation and growth of 
the Tibetan Plateau, postulating a new, but still conjectural model. These authors suggest an oblique 
stepwise rise and growth of the Tibetan Plateau (figure 4.10).  
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Figure 4.10: Relief map and tectonic sketch map of Tibet (after Tapponnier et al., 2001). See text for explanation. 
 133 
Chapter 4: Geological and geodynamic setting                                                                                                                  
They propose that the strike-slip faulting and thrusting are not deformation events related to the 
collision, but rather act coevally in a sort of accretionary wedge setting. In this way the Tibetan 
Plateau would have been formed in successive diachronous steps, starting at its southern rim (Lhasa 
and southern Qiangtang) during the Eocene. During Oligocene-Miocene times, the rise of the 
northern Qiangtang (central Plateau) would have occurred as the growth of the Plateau continued in 
northeastern direction. Finally, active (since Pliocene) uplift of the immature Qaidam-Qilian Shan 
part would reflect continuing active growth of the Plateau in that direction. The boundaries along 
which these different phases acted are deep-rooted pre-existing zones of weakness in the lithosphere, 
e.g. the Mesozoic sutures within Tibet (e.g. Wittlinger et al., 1998). The underlying mechanism is 
thought to be an oblique southwestward subduction of Eurasian lithospheric mantle along these zones 
of weakness. The crust is then decoupled from the lithospheric mantle and is shaped into an 
accretionary prism in which the Tibetan crust is thickened. Ongoing indentation of the Indian plate 
into Asia shifts the subduction zone northeastward and accounts for the three different steps in the 
plateau building process as there is a sequential rejuvenation of sutures in this direction. It also 
explains volcanic events taking place above these supposed subduction zones. Moreover the different 
stages of plateau growth could have contributed to trigger or enhance the climatic effects associated 
with the Himalayan and Tibetan uplift. 
 
 
4.5.4. Indentation and extrusion tectonics 
 
The northward indentation of India with respect to Eurasia is an active process yielding a N-S 
compressive tectonic regime in the collision zone itself. As explained, important crustal thickening 
via thrust movements has occurred in the mountain belts directly north of the India/Eurasia suture 
zone. The indentation is however also compensated by widespread major strike slip movements in 
the Eurasian hinterland (figures 4.11 and 4.13). These movements have an outspoken E-W 
orientation. To the west, the interior of the Eurasian plate forms a rigid restraint on the lateral 
movement of blocks along these strike slip faults. To the east and southeast however, the constriction 
by the Pacific subduction margin is far less rigid (a so-called “free” plate boundary), resulting in 
large displacements of crustal blocks to the (south)east as India advanced further into the Eurasian 
plate. The squeezing out of these blocks is referred to as extrusion or escape tectonics. As explained, 
westward extrusion is rather limited, but has been observed in areas west of the Pamir Mountains 
(Tapponnier et al., 1981; Pozzi and Feinberg, 1991). Eastward extrusion is by far more widely 
recognized along the prominent Altyn Tagh, Kunlun and Red River strike slip faults (Molnar and 
Tapponnier, 1977; Gilder et al., 1993; Zhang et al., 1998; Morley, 2001) as mentioned before. 
Because of obvious geometric reasons, the extruded blocks (e.g. Tibetan, South Chinese and 
Indochinese blocks) are subjected to a clockwise rotation. Analogue models using plasticine and a 
rigid intender for example have been developed and experimentally confirm this hypothesis 
(Tapponnier et al., 1982; Cobbold and Davy, 1988; Peltzer and Tapponnier, 1988). The eastward 
extrusion has been linked to lithospheric thinning and the development of rift basins in the eastern 
parts of the CADZ (Baikal rift) and Southeast Asia (Bohai basin) (Yin, 2000) (figure 4.12). 
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Figure 4.12: Analogue modelling of extrusion tectonics related to the Indian/Eurasian
continent-continent collision (after Tapponnier et al., 1982). A rigid intender (I) of about 5 cm
is penetrated in plasticine, representing India intending into Eurasia. A, B and C are the results
of plasticine constrained rigidly to the west and east. D, E, F, have a “free” eastern boundary,
which represents the Pacific subduction zone. The latter series shows remarkable similarities
with the geology in Tibet and Southeast Asia. Faults (F1 and F2) subsequently form in the
plasticine, and blocks 1 and 2 are extruded eastward along these major faults. They can be
linked to the Sundaland and Tibetan-South China block as they are being extruded along the
Jaili-Red River faults and the Altyn Tagh-Kunlun faults (figure 4.11). Gaps (shaded areas in f)
are formed as extensional and transtensional structures in the plasticine and can readily be
associated with their geological analogues in Southern Tibet and Yunnan. This is also the case
for large basins (A and B) appearing south of the extruded plasticine bodies. They are
interpreted as the Andaman Sea and South China Sea analogues (compare with figure 4.11). 
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4.5.5. Intracontinental reactivation within Central Asia 
 
It has long been recognized that Cenozoic deformation throughout the CADZ, from the Himalayan 
orogen to deep within the Eurasian interior (e.g. the Baikal rift) can be associated with the 
India/Eurasia collision (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1979; Le Pichon et 
al., 1992). Even more distant far-field effects are acknowledged as far as the Sea of Okhotsk (Worrall 
et al., 1996). In addition to the processes of crustal thickening and extrusion, the stresses at the 
southern margin of Eurasia are being transported through the Eurasian lithosphere into the plate’s 
interior. The stress transfer is directed by pre-existing zones of lithospheric weakness and in 
particular follows sutures and structures that developed during the earlier intricate accretionary 
history of Central Asia. These sutures are predominantly subduction-accretion complexes, 
amalgamated to Eurasia in Caledonian and Hercynian times. These zones were reactivated and active 
deformation is spread throughout Central Asia with the development of the huge intracontinental 
orogenic system, the Central Asian Deformation Zone (CADZ) as we called it. The deformation is of 
progressively younger age toward the north(east). In this way, a significant amount of the 
convergence between India and Eurasia is being accommodated (figure 4.13). The active deformation 
is taking place in the Palaeozoic and Mesozoic accreted terranes between the converging rigid 
intender, being the Indian plate, and the rigid continental core of Siberia. Smaller rigid (cold) blocks 
in the tectonic mosaic collage of Central Asia resisted the stresses and stayed relatively undeformed. 
The Tarim plate is the most marked example. In this respect the Tien Shan Mountains on the northern 
Tarim margin can be viewed as the northern extension of Tibet around and beyond Tarim. This is 
more or less analogous with the developing Qilian Shan and Nan Shan thrust belts northeast of the 
more or less stable Qaidam basin. The onset of reactivation of the Tien Shan is thought to be of 
Middle to Late Miocene age, following the major Miocene thrust movements in Tibet and the 
Himalaya. Reactivation further north in the Altai and Baikal regions started in the Late Miocene to 
Pliocene (Dobretsov et al., 1996; Delvaux et al., 1997). 
 
 
4.5.5.1. The Tien Shan Mountains 
 
The northward indentation of India thrusted the northern parts of Tibet onto the stable Tarim crust 
along the ATF and the KKF, while the Pamir was directly thrusted onto the southwest of the Tien 
Shan, onto the southern margin of the Tadjik depression (Burtman, 2000) (figure 4.6). After 
Palaeocene and Eocene continental red bed formation, tectonic movements seem to have begun in the 
Oligocene and Miocene (Allen et al., 1993 and 1994). They clearly intensified during the last 5 Ma 
(Cobbold et al., 1994; Searle, 1996; Reigber et al., 2001), causing the Pamir-Hindu Kush region to 
evolve into one of the most seismically active regions in the world (Pavlis and Das, 2000). Ongoing 
activity is evident from a variety of geological information (Molnar et al., 1994; Abdrakhmatov et al., 
1996; Tibaldi et al., 1997; Tibaldi, 1998; Burbank et al., 1999; Bullen et al., 2001; Abdrakhmatov et 
al., 2002; Thompson et al., 2002). 
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 igure 4.13: General map and cross section (ABC) of the Central Asian Deformation Zone (CADZ). Ongoing 
ndentation of India into Eurasia is also accommodated by reactivation of the inheritant structures within the CADZ. 
he deformation front is migrating northward and hence reactivation is younger toward the northern parts of the 
ADZ. ong its northern margin, Tarim is thrust under the Tien Shan in a sort of domino-style reaction to 
 compressive forces at its southern edge (Dobretsov et al., 1996) (figure 4.13). Along with the 
nozoic clockwise rotation of the Tarim block and the rejuvenated dextral displacement along one 
the most important fault zones in the orogen - the Early-Palaeozoic Talas-Fergana fault (TFF) - 
 Tien Shan are actively being deformed in a dextral transpressional regime (e.g. Chen et al., 1992; 
bbold et al., 1994; Khudoley, 1993; Thomas et al., 1999b; Allen et al., 2001). This tectonic regime 
responsible for considerable crustal thickening of the Tien Shan region, where the Moho reaches 
pths of 50 km (e.g. Burov et al., 1990). 
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To the north, the Tien Shan are bounded by the rigid basement of the Junggar basin in the east and 
the Kazakh microplate in the west. Pinched between these stable blocks, the Tien Shan forms an E-W 
striking pop-up or flower structure with southward dipping thrusts in the northern part and northward 
dipping thrusts in the southern part (figure 4.13). In this way, the Junggar basin in the north and 
Tarim basin in the south act as flexural Neogene foreland basins in relation to the orogen and in the 
orogenic edifice itself, E-W striking ranges are actively being thrust onto adjacent, elongate parallel 
basins (e.g. Tadjik basin, Fergana basin, Naryn basin, Ili basin, Chu Basin, Issyk Kul basin, Korla 
basin, Turfan basin etc.) (Allen et al., 1991a, 1993 and 1994; Cobbold et al., 1994) (figures 4.6 and 
4.13). A significant amount of shortening caused by the northward movement of India is in this way 
accommodated (Avouac et al., 1993; Avouac and Tapponnier, 1993; Thompson et al., 2002). 
Deformation of the Tien Shan, in particular its northern part, seems to have been facilitated by a clear 
tectonic layering of the crust, originating from an abnormal hot mantle underneath (Buslov et al., 
submitted). Partially molten zones in the shallow crust act as a detachment and lubricant for thin skin 
tectonic movements. The movements occur along older, Palaeozoic reactivated structures, 
characteristic for the reactivation in the entire CADZ. At present the Tien Shan has developed into a 
high, active mountain range, subject to denudation under arid conditions. 
 
 
4.5.5.2. The Altai Mountains 
 
More or less according to the same domino-principle (Dobretsov et al., 1996), the Altai Mountains 
represent a reactivated deformation zone between the rigid Junggar and Tuva-Mongolian (TM) 
microplates (see figures 4.13 and 4.14). Strike-slip along major shear zones in the Altai -e.g. for 
Gorny Altai, mainly sinistral movements along the Irtysh, West Sayan, Kurai, Teletsk-Bashkauss, 
Kuznetsk-Alatau fault zones and oblique dextral movement and thrusting along the Shapshal fault 
zone (see figure 4.14)- installed a presently active, mainly transpressional tectonic regime in the Altai 
and Gobi Altai mountains (Cunningham et al., 1996a, 1996b and 1997; Owen et al., 1999b; Novikov, 
2001). Both sinistral (mainly in Gobi Altai) and dextral (mainly in Altai) structures have been 
identified. Although the Altai and the Gobi Altai evolved contemperaneously as intracontinental 
transpressional mountain belts, their kinematic histories are different. The structural fabric and trends 
of the Gobi Altai show similarities with the Altyn Tagh and Tien Shan and may form a chief 
connection between the Tien Shan and Altai deformation zones within the CADZ (Cunningham et 
al., 1996a). The Hangai Dome is separated from the Altai and Gobi Altai by the Depression of the 
Great Lakes in Mongolia. The rigid Hangai is part of the TM microplate and is underlain by 
Precambrian basement. Smaller Mesozoic basins are found in the area. Cenozoic tectonic and 
magmatic activity mostly occurred in Mid Tertiary to Quaternary times. Uplift of the Hangai dome 
since the formation of the Central Asian Late Cretaceous-Palaeogene peneplanation surface is 
evident. Remnants of this surface are found at elevation of 3 to 3.5 km in the Hangai area. Several 
mechanisms for uplift of the Hangai Dome, including the existence of a mantle plume, have been put 
forward (Windley and Allen, 1993; Dobretsov et al., 1996; Cunningham, 2001; Petit et al., 2002). 
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The deformed area situated between the more rigid blocks (figure 4.14) is composed of several 
smaller tectonic units, accreted onto the margins of the rigid blocks during the PAO evolution in the 
Palaeozoic. As in the Hangai area, Cenozoic deformation in the Altai is evident in the Oligocene and 
Miocene, but some minor activity is already recorded in Late Eocene sediments. Nevertheless the 
main, still active deformation is clearly constrained to the Pliocene and Quaternary, mostly along 
Caledonian and Hercynian inherited structures (Dergunov, 1972; Dobretsov et al., 1995b and 1996; 
Lukina, 1996; Cunningham et al., 1997; Buslov et al., 1999; Chlachula, 2001; Dehandschutter et al., 
2002; Novikov, 2002). Locally however, the recent tectonic reactivation has induced transtensional 
and extensional structures such as basins and fault zones, which occur in a parallel (more or less N-S) 
alignment (figure 4.15). These fault zones are often associated with recent, Quaternary 
unconsolidated tectonic breccias. The Pleistocene Lake Teletskoye in Gorny Altai, forming a 
textbook example of a graben-like basin is a marked illustration of this tectonic activity 
(Dehandschutter et al., 2002). 
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 Figure 4.14: Cenozoic tectonic framework of the Altai region (after Buslov et al., 1999). Directions on 
strike slip faults are indicated by arrows, thrusts are indicated by normal solid barbed lines, oblique 
thrusts by oblique barbed lines. Extensional structures are represented by striped lines. The less deformed 
Junggar and Tuva-Mongolian microplates are shown. Cenozoic sediments are located in the shaded areas. 
AN = Achit-Nuur, CB = Chuya basin, DB = Dzhulukul Basin, KB = Kurai Basin, TL = Teletskoye Lake, 
UD = Uimon Depression, UbN = Ubsu-Nuur, UrN = Ureg-Nuur basin. 
 
140 
Chapter 4: Geological and geodynamic setting                                                                                                                  
 
The Cretaceous-Palaeogene peneplenation surface in the Altai region was fragmented in the 
Oligocene and differential fault movements uplifted the terrane in a complex blocky configuration 
(Dergunov, 1972; Novikov, 1996; Cunningham et al., 1996a and 1997; Buslov et al., 1999). Coarse 
sediments were deposited during this time and confirm the timing of reactivation. During an 
apparent, short interruption in tectonic activity in the Neogene, basins within and adjacent to the 
developing Altai orogen recorded fine clastic infill (figures 4.5 and 4.15). Intensification of 
neotectonic reactivation occurred in the Late Neogene. The fact that the activity is still continuing is 
corroborated by geological and geomorphological evidence (seismicity and associated 
geomorphological features such as landslides, forebergs, displaced rivers and morraines) (Lukina, 
1996; Chipizubov and Smekalin, 1999; Owen et al., 1999a; Philip and Ritz, 1999; Novikov, 2001 
and 2002) (figure 4.16). 
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Figure 4.15: Major Quaternary basins and structures in the Russian Altai mountains (after Dehandschutter et al., 
2002). Quaternary sediments are indicated by the shaded regions. Extensional structures are shown by striped lines. 
AN = Achit-Nuur, Ch = Chuya basin, DB = Dzhulukul Basin, EK = Eri-Kol, IK = Ity-Kul, Ke = Kemchuk basin, 
Ku = Kurai basin, LT = Lake Teletskoye, Ta = Tartagai, UbN = Ubsu-Nuur, UrN = Ureg-Nuur basin. Faults: 1 = 
West-Sayan, 2 = Chulyshman, 3 = Shapshal, 4 = Kurai, 5 = Charysh-Terekta, 6 = Tolbonursky, 7 = Tsagan. 
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Figure 4.16: Relief of the Altai Mountains and adjacent regions. Historical seismic events are indicated by the dots. 
Important basins and faults are indicated: CB = Chuya Basin, IR = Irtysh fault, KB = Kurai Basin, KU = Kurai fault, SH = 
Shapshal fault, TL = Teletskoye Lake, UbN = Ubsu-Nuur, WS = West-Sayan fault. 
 
 
The geomorphology of the region was shaped in Quaternary times by interactions of active tectonics 
and climate. The area was subjected to major glaciations, as is evident from many landforms 
(Novikov, 1996; Chlachula, 2001). Pleistocene ice-dammed lake failures and resulting outbursts and 
floods have produced some of the world’s largest known freshwater floods, causing the development 
of spectacular landforms (like giant current ripples) (e.g. Baker et al., 1993; Carling, 1996). During 
this time, intense tectonic activity is thought to have uplifted the area up to 2000 m, according to 
geomorphological markers (Deev, et al., 1995; Novikov, 1996; Chlachula, 2001). The southern Altai 
is clearly of significant higher elevation compared to the northern areas. This type of topography was 
probably already established by Late Pliocene times. 
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The Cenozoic era in the Altai is registered in a complete sedimentary succession filling the Chuya 
basin, in southern Gorny Altai (Delvaux et al., 1995c; Buslov et al., 1999). It is therefore an 
important study area for constraining the Cenozoic history of the entire Altai region. Other Altai 
basins only contain Neogene and/or Quaternary deposits. This is the case for the Dzhulukul basin in 
southern Gorny Altai, at the boundary with West-Sayan (Mongolian border). The Cenozoic 
sediments are mainly alluvial and lacustrine. In some areas however glacial climate related thick 
aeolian deposits (loess) are found. At present, the climate in the Altai region is typically of 
continental signature with extreme, cold winters and warm, wet summers.  
 
 
4.5.5.3. The Baikal Rift Zone 
 
Reactivation of Palaeozoic and Mesozoic structures (Melnikov et al., 1994; Delvaux et al., 1995b) as 
a far-field effect of the India/Eurasia collision has been proposed as a passive rifting model for the 
Baikal Rift zone (BRZ) and adjacent areas (so-called Transbaikal mountains). Other authors favour 
an active rifting model, whereby a rising asthenospheric diapir under the BRZ would, at least to some 
extent, be responsible for lithospheric thinning and rifting (Kiselev and Popov, 1992; Logatchev and 
Zorin, 1992; Gao et al., 1994). Recently, Lesne et al. (1998) showed that the passive model is more 
plausible, while Poort et al. (1998) infer that a possible asthenospheric upwarp would not be centered 
under the BRZ itself. 
 
The BRZ developed in two rifting phases. Incipient rifting occurred in Late Oligocene to Pliocene 
times, while the Late-Pliocene (3-4 Ma ago) and Quaternary are the time of major rifting (Logatchev, 
1993; Mats et al., 1993; Delvaux et al., 1997 and 2000; Petit, 1998). Rifting is associated with 
volcanic activity (e.g. Rasskazov, 1994). During the latest and ongoing phase, the rift is evolving in a 
transtensional to purely extensional tectonic setting (Sherman, 1992; Agar and Klitgord, 1995; Petit 
et al., 1996; Delvaux et al., 1997), between the Siberian Craton and Mongolia and the so-called Amur 
(North Chinese) block. The rift zone is bounded by transpressional orogens (Sayan, Stanovoy) and 
the BRZ is confined to a recess within the so-called Vitim Embayment within the Siberian craton. 
 
It can therefore be regarded as a crustal strain shadow, protected by the Angara Promontory of the 
Siberian craton (Cunningham, 2001). The neotectonic activity is apparently induced by stress 
propagation and extrusional effects from the India/Eurasia collision. As has been mentioned before, 
retreating subduction zones along the Pacific margin provide room for an eastwardly extruding 
lithosphere and may be an additional factor in the BRZ development. 
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CHAPTER 5 
 
STUDY AREAS AND SAMPLING: GORNY ALTAI (SIBERIA) AND THE 
ISSYK KUL REGION, NORTHERN TIEN SHAN (KYRGYZSTAN) 
 
 
 
 
 
5.1. The Lake Teletskoye region in Gorny Altai 
 
5.1.1. General aspects and location 
 
Lake Teletskoye occupies the narrow, recent Teletsk graben located in the northwestern sector of the 
Altai Mountains (see figures 5.1, 5.2 and also figures 4.1, 4.5, and 4.14). It is situated at the 
geological boundary between the Gorny Altai (GA) and West Sayan (WS) structural blocks in 
southern central Siberia. The lake is 77 km long by 4 km wide and water depth attains a maximum of 
325 m. It forms the second largest freshwater reservoir in Russia, after Lake Baikal. The lake is 
composed of a 50 km long north-south oriented part filling the main Teletsk graben as such (figures 
5.3 and 5.4), and a narrow, 27 km long east-west trending part. The Teletsk graben is bordered by 
steep slopes, rising up to 500 m above the lake level in its northern part, and to more than 2000 m in 
the southern part. In addition, the sediment infilling of the lake reaches more than 800 m (Seleznev et 
al., 1995). 
 
The recent formation of the Teletsk graben is thought to be a distant result of the ongoing 
convergence between the Indian and Eurasian continents. As a matter of fact, this convergence is 
responsible for the tectonic reactivation of the entire CADZ. The Teletsk graben formed in a local 
extensional regime, and is the largest of a series of north-south oriented graben structures (figure 
4.15). At its northeastern extremity, the graben splays off in the Kamga graben (figure 5.3) that runs 
along the large West Sayan fault zone. The southeastern edge of the Teletsk graben, near Chiri is 
formed by the Kyga graben (figure 5.4). The West Sayan fault zone divides the Gorny Altai (GA) 
and West Sayan (WS) terranes in the north of the Lake Teletskoye basement. The West Sayan fault 
zone runs through the northern part of the basin and separates the mountainous region of the Altai in 
the south from its lower, hilly foreland (figure 5.5 and 4.16). Of the 50 AFT samples from the Altai 
Mountains, the majority (29) come from the Lake Teletskoye basement and surrounding region (table 
5.1, figure 5.2). 
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Table 5.1: Apatite samples from the Altai and Tien Shan mountains used for AFT analyses in this study. 
 
Sample Latitude Longitude Altitude 
(m a.s.l.) 
Locality Lithology 
AFT Samples from Gorny Altai 
A. Teletskoye Region 
      
TEL 101 51°23’49”N 87°41’31”E 2210 Altyntauss massif granite 
TEL 105 51°26’10”N 87°41’22”E 2000 Altyntauss massif granite 
TEL 107 51°27’37”N 87°41’23”E 1585 Altyntauss massif granite 
TEL 108 51°27’39”N 87°41’23”E 1390 Altyntauss massif granite 
TEL 109 51°28’19”N 87°41’29”E 1155 Altyntauss massif granite 
TEL 110 51°28’22”N 87°41’41”E 940 Altyntauss massif granite 
TEL 111 51°28’27”N 87°41’52”E 820 Altyntauss massif granite 
TEL 112 51°28’39”N 87°42’00”E 610 Altyntauss massif granite 
AL 262 51°07’43”N 87°47’55”E 480 Chulyshman valley granite 
AL 272 51°21’56”N 87°44’50”E 435 Altyntauss massif granite 
SH 1 51°45’13”N 87°55’40”E 1850 Katayatsk massif diorite 
SH 2 51°44’42”N 87°55’44”E 1950 Katayatsk massif diorite 
SH 3 51°44’32”N 87°55’44”E 2010 Katayatsk massif diorite 
SH 4 51°44’58”N 87°55’55”E 2100 Katayatsk massif diorite 
SH 5 51°45’31”N 87°55’11”E 1720 Katayatsk massif granodiorite 
SH 6 51°20’56”N 87°56’56”E 650 Kyga valley granite (sheared) 
SH 9 51°24’11”N 88°08’21”E 2250 Kojildukir massif red sandstone 
SH 11 51°23’07”N 88°11’38”E 1700 Kosbashi massif gray sandstone 
SH 15a 51°20’30”N 88°15’30”E 2150 Karakol Creek gneiss 
SH 15b 51°18’16”N 88°20’09”E 1950 Tugunluarchikkil lake gneiss 
SH 16 51°17’37”N 88°17’45”E 1900 Tugunluarchikkil lake granite 
SH 18 51°16’51”N 87°58’46”E 2050 Ljukjil lake gneiss 
SH 19 52°01’08”N 87°51’51”E 470 Blyka village granite 
GA 30 51°27’00”N 87°46’32”E 440 Bele terrace gneiss 
GA 31 51°23’22”N 87°55’24”E 2300 Baskon massif granodiorite 
GA 32 51°21’00”N 87°49’30”E 440 Kyga valley/Chiri outpost diorite 
GA 33 51°48’53”N 87°10’36”E 420 Artybash village diorite 
GA 34 51°55’13”N 87°05’42”E 400 Kebezen village diabase 
CHU 01 51°07’30”N 87°49’50”E 1500 Chulyshman valley granite 
      
B. South Chulyshman Plateau 
      
GA 06 50°32’21”N 88°09’23”E 1365 Saratan village/Bashkauss valley gneiss 
GA 07 50°36’21”N 88°49’11”E 1630 Yazula village gabbro 
GA 08 50°35’25”N 89°02’52”E 1870 Mushtuair valley gneiss 
GA 15 50°35’57”N 88°51’10”E 1585 Yazula village (Cardon camp) gneiss 
GA 16 50°35’30”N 88°51’04”E 1720 Yazula village (Cardon camp) amphibolite 
GA 18 50°35’26”N 88°47’50”E 1635 Yazula village (Cardon camp) gneiss 
GA 19 50°36’49”N 88°45’03”E 1300 Yazula village gneiss 
GA 21 50°33’48”N 88°33’32”E 2325 Karatesh pass diabase 
GA 23 50°32’57”N 87°47’30”E 1580 Kubadru river (Ust Ulagan) granite 
      
C. Dzhulukul Basin 
      
GA 09 50°43’00”N 89°15’17”E 2240 Mayrikbazhi massif gneiss 
GA 12 50°45’50”N 89°18’10”E 2785 Trechglavaya massif granodiorite 
GA 13 50°45’11”N 89°19’28”E 2500 Trechglavaya massif granodiorite 
GA 20 50°37’54”N 89°14’18”E 2015 Uzun Uyok river granitic aplite 
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Table 5.1: continued. 
Sample Latitude Longitude Altitude 
(m a.s.l.) 
Locality Lithology 
AFT Samples from Gorny Altai 
D. Kurai - Chuya 
      
AL 235 49°44’06”N 88°05’50”E 3490 Dzankiol pass pegmatite 
AL 239 50°16’31”N 88°04’25”E 2720 Ildugemsky pass mylonite 
AL 240 50°16’00”N 88°04’00”E 2440 Ildugemsky pass granodiorite 
      
E. West Gorny Altai Transect 
      
Be 1 51°56’24”N 84°45’24”E 290 Belokuriha massif (Chernovaya) granite 
GA 01 51°55’16”N 85°51’15”E 295 Rybalka massif (Sausga village) granodiorite 
GA 03 50°38’59”N 86°17’54”E 1100 Chiquetaman pass granodiorite 
GA 24 51°19’48”N 85°40’14”E 840 Shebalino village rhyolite 
      
Novosibirsk 
      
No 1 54°59’15”N 82°59’12”E 90 Borok quarry, Priobsky complex monzodiorite 
      
AFT Samples from Tien Shan, Issyk Kul basement 
A. Kungei Range 
      
TS 04 42°51’19”N 76°34’39”E 2360 Chon Kemin valley gneiss 
TS 06 42°43’35”N 76°49’51”E 3950 Kungei, Almaty road transect granite (pink) 
TS 07 42°43’23”N 76°50’37”E 3700 Kungei, Almaty road transect diorite 
TS 08 42°43’05”N 76°50’38”E 3515 Kungei, Almaty road transect granite (pink) 
TS 10 42°43’14”N 76°51’31”E 3085 Kungei, Almaty road transect granite (pink) 
TS 11 42°42’17”N 76°51’51”E 2860 Kungei, Almaty road transect quartz porphire 
TS 12 42°40’40”N 76°51’03”E 2420 Kungei, Almaty road transect granite (pink) 
TS 13 42°46’09”N 77°31’25”E 1850 Aksu valley (Cemenovska) granite (pink) 
TS 14 42°48’07”N 77°31’50”E 2080 Aksu valley (Cemenovska) granite (pink) 
TS 18 42°27’51”N 76°00’52”E 1630 Rybachye red sandstone 
      
B. Terzkey Range 
      
TS 19 42°07’11”N 77°08’30”E 2020 Agat camp granite (pink) 
TS 20 42°05’03”N 77°22’04”E 2150 Tioch Sor valley granite 
TS 22 42°03’00”N 77°09’55”E 3500 Tashtarata massif granite (pink) 
TS 23 42°03’12”N 77°09’31”E 3310 Tashtarata massif granite (pink) 
TS 24 42°03’16”N 77°09’07”E 3080 Tashtarata massif granite (pink) 
TS 26 42°04’14”N 77°08’46”E 2700 Tashtarata massif granite (pink) 
      
C. Kindel Las Range 
      
KAZ 01 43°21’00”N 74°57’00”E 1250 Kur-Dai pass quartz porphire 
KAZ 03 43°14’00”N 74°45’00”E 760 Sjugete (Volga) village plagiogranite 
      
D. Boom Canyon 
      
TS 02 42°41’03”N 75°53’21”E 1370 Djel Arik pegmatite 
TS 15 42°26’57”N 75°51’39”E 2150 Rybachye granite (pink) 
TS 16 42°27’06”N 75°51’23”E 1960 Rybachye granite (pink) 
TS 17 42°27’13”N 75°51’25”E 1830 Rybachye granite (pink) 
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Figure 5.1: Bathymetric map of Lake Teletskoye and topography of the surrounding basement (from Selegei et al., 
2001). Indication of locality names for orientation. 
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 Figure 5.2: Geological map of Gorny Altai, Russian Altai Mountains, South Siberia (after Buslov, 1998). General AFT
sample locations are indicated by the numbered boxes: 1 = Altyntauss massif (TEL-samples and AL272); 2 = Katayatsk
massif (samples SH1-SH5); 3 = Kyga valley region (samples SH6, SH18, GA30-GA32); 4 = samples SH9-SH16; 5 = lower
Chulyshman valley (samples CHU-01 and AL262); 6 = Blyka massif (sample SH19); 7 = Artybash area (samples GA33-
34); 8 = South Chulyshman Plateau samples (samples GA 06, 07, 08, 15, 16, 18, 19, 21, 23); 9 = Dzhulukul Basin (samples
GA 09, 12, 13, 20); 10 = Kurai Range (samples AL239-240); 11 = South Chuya Basin (sample AL235). See table 5.1 for
sample details. 149
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Figure 5.3: Profiles across the Teletsk graben, locations indicated on the digital terrane model (after Dehandschutter 
et al., 2002). Vertical exaggeration is 3.5 for A, 2 for B, 4 for C, and 3 for D. 
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Lepnova
ridge
Figure 5.4: Morphology of the Teletsk graben. Top: Three dimensional 
view of the graben (south to north), constructed after a SPOT satellite 
image (from Dehandschutter et al., 2002), with indication of important 
structures and sampled areas. Bottom: Picture of the Teletsk graben from 
the southern flank of the Kyga valley (field work 1999). 
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Figure 5.5: N-S profile across Lake Teletskoye and the Chulyshman Plateau (redrawn after Dehandschutter, 
2001). The area north of Teletskoye is clearly of lower elevation than the Chulyshman region. The Chulyshman 
Plateau is dissected by deep E-W trending valleys, which are interpreted as strike-slip faults, carving up the 
plateau into several distinct rotating blocks. The Lepnova ridge separating the Teletsk graben into several sub-
basins (see text for discussion) is also clearly visible. 
 151
Chapter 5: Study areas 
5.1.2. Geological history 
 
5.1.2.1. The Late Proterozoic – Palaeozoic basement 
 
The Teletsk graben developed at the geological boundary between the Gorny Altai (GA) and West 
Sayan (WS) Palaeozoic structural blocks (figure 5.2). The geological history of these blocks reflects 
the typical Siberian accretionary Palaeozoic evolution as outlined in chapter 4. The geology of the 
Teletsk basement has been extensively studied e.g. by Buslov et al. (1993) and (2001a), Buslov and 
Sintubin (1995), Sintubin et al. (1995), Buslov (1998) and Smirnova et al. (2002). 
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 igure 5.6: Structures and morphology of Gorny Altai. (a) Northern segment of the Ulagan-Erinat 
phiolite in the background (see figure 5.2 for location). (b) Segment of the transpressional, 
eactivated Shapshal fault from Trechglavaya peak, Dzhulukul area. (c) Remnants of the red 
retaceous-Paleogene peneplanation surface, Kojildukir area. (d) Glacial geomorphology: cirques 
nd glacial horns dominate the Altai landscape. (e) The Kyga valley, southeast Teletskoye 
asement. 152
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The GA terrane mainly consists of Late Proterozoic and Early Palaeozoic rocks (figure 5.2) that were 
formed and deposited in an island arc and accretionary prism environment with seamount-guyot 
sequences such as the Biya-Katun sequence (Buslov et al., 1993; Buslov and Watanabe, 1996; 
Buslov, 1998; Buslov et al., 2001b). Several island arcs similar to the GA fringed the Siberian 
continent during that time. The rocks of the GA island arc include ophiolites (figure 5.2 and 5.6), 
boninites, blueschists, eclogites, metasediments and (pillow)lavas (mostly tholeiitic in composition 
and often metamorphosed to greenschists), tuffites, sheeted dyke complexes and carbonates. 
Geodynamically these rocks represent remnants of a Late-Riphean oceanic crust (the so-called 
Manzherok suite), a Vendian-Early Cambrian primitive PAO island arc, a Vendian-Early Cambrian 
back-arc basin and accretionary prism (aforementioned seamount-guyot arrays collided with and 
closed the subduction zone at that time), and a younger Early-Middle Cambrian normal island arc 
(the Kaimsk suite). 
 
 
In the Middle Palaeozoic, Gorny Altai was the setting of a passive margin and during the Ordovician 
an extended carbonate platform formed and grey and red terrigeneous sediments accummulated in 
lagoonal and tidal basins (e.g. Buslov et al., 1993; Berzin et al., 1994; Kozlov and Dubatolev, 1994; 
Yolkin et al., 1994; Berzin and Kungurtsev, 1996). They unconformably overlie the Vendian-
Cambrian island arc rocks via a basal conglomerate. The passive margin rocks are followed by Early 
and Middle Devonian (Emsian-Givetian) active margin assemblages, reflecting the onset of the 
collision between the amalgamated Altai-Mongolian microplate, including Gorny Altai, with the 
Siberian orogenic rim (e.g. Buslov et al., 2001b). These Devonian rocks are mainly composed of acid 
as well as basic volcanics and of back-arc terrigeneous and volcanogenic sediments (Buslov et al., 
1993; Berzin et al., 1994; Kozlov and Dubatolev, 1994; Yolkin et al., 1994; Berzin and Kungurtsev, 
1996). In the Teletskoye area, these latter sediments are represented by red and gray medium-grained 
sandstones. A large Devonian granitoid intrusion, the Blyka granitoids (sample SH19), outcrops, just 
north of the Teletskoye basin, and builds the foothills of the present-day Altai Mountains. The 
intrusion is thought to be related to the abovementioned active margin that was installed in Devonian 
times. 
 
 
The western section of the basement of Lake Teletskoye is situated in the GA terrane. It is 
characterized by the occurrence of Vendian-Cambrian volcano-sedimentary rocks of island arc and 
oceanic crust affinity. Ordovician passive margin sediments and Devonian active margin sediments 
are exposed as well (figures 5.7 and 5.8). Locally in this zone, the rocks are cut by gabbro-diabase 
dykes and sills, and also by small granodioritic plutons (samples GA 33 and GA 34). These igneous 
rocks are probably related with the Devonian active margin (e.g. Yolkin et al., 1994; Dobretsov and 
Vladimirov, 2001).  
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Figure 5.7: Geological and tectonic sketch map of the Teletskoye basement (after Buslov, 
1998 and Smirnova et al., 2002). 
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Figure 5.8: Superposition of geological and tectonic features on a digital terrane model of the Teletskoye basement. AFT 
sample locations in the area are indicated. 
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The WS terrane evolved independently from the GA in a marginal sea and fore-arc setting as 
indicated by the Late Riphean to Ordovician metasediments that are predominantly turbidites 
(Kazanskii et al., 1999). In the Teletskoye region the WS terrane consists of two units: the Teletsk 
Unit in the southwest and a northeastern unit, separated by the Late Devonian-Early Carboniferous 
Teletsk-Bashkauss (TB) fault zone, which converges in the south with the Kurai fault zone. A 
tectonic breccia along the TB fault in the Teletsk Unit is associated with its activity. Turbidites from 
the northeastern WS unit are abundantly exposed on the eastern shores of Lake Teletskoye. They 
form the so-called Kokshi series of Cambrian to Ordovician age (figure 5.7 and 5.8). They are 
correlated with the widespread Manchurek Formation in the interior section of the WS terrane, as 
described in detail by Sennikov et al. (2000). The Teletsk Unit is mainly composed of Riphean 
gneisses. The WS terrane is widely intruded by several granitoid complexes. They are in part of Early 
Devonian age, reflecting plutonism associated with the initial stages of collision of the Siberian 
margin with the Altai-Mongolian microplate. The Altyntauss massif (samples TEL 101 to 112, GA 
32 and AL 272, figure 5.8), forms the southwestern flank of the Teletsk graben and is a good 
example of this type of pluton. Associated outcrops occur in the Chulyshman valley, south of Lake 
Teletskoye (samples AL 262 and CHU 01). The Altyntauss Massif is bordered by a well-developed 
hornfelsic contact aureole. Other granitoids and granite-gneiss domes are of Late Devonian-Early 
Carboniferous age and represent post-collisional plutonism associated with the collision (e.g. 
Vladimirov et al., 1997). The Baskon or Chelyush-Abakan (sample GA 31) and Katayatsk (samples 
SH1 to SH5) complexes within the Cambrian-Ordovician turbidites flanking the east of Lake 
Teletskoye (figure 5.7 and 5.8) are examples of these plutons. During this collision, large NW-SE 
trending sinistral strike-slip and thrust faults developed in the WS unit. The TB and Shapshal fault 
zones are prime examples of these Late Devonian-Early Carboniferous structures (figure 5.2 and 
5.6). Both parallel structures and associated thrusts form the contact between both terranes in this 
area. The Pleistocene Teletsk graben developed mainly along the TB fault zone, while the Shapshal 
zone links with the basin via the Kyga valley-lineament (sample SH6 from the lower Abakan massif) 
(figure 5.6 and 5.8). Dehandschutter et al., (2002) called this transfer fault the South Teletsk fault. 
The Shapshal fault can be traced far to the south were is separates the Altai mountain ranges from the 
Mongolian Depression of the Great Lakes. Late Devonian-Early Carboniferous thrusts have been 
recognized along this zone (figure 5.2). The amphibolite facies metamorphism of the WS rocks dates 
from this period as well. The metasediments on the eastern Teletskoye flank are mainly biotite schists 
with blasts of garnet or cordierite (figure 5.7). Amog these metasediments, the Chiri series is widely 
exposed along the southeastern shores of Lake Teletskoye, south of the turbiditic Kokshi series. 
Locally, gneiss outcrops occur as well (sample GA 30, figure 5.8). Rocks similar to the Late 
Devonian-Early Carboniferous granite-gneiss domes that compose the southeastern margin of the 
Teletskoye basement were also found and sampled (SH15a and b, SH16 and SH18) further to the 
southeast, near a rare and small Jurassic deposit, and the fragment of the so-called Ulagan-Erinat 
ophiolite (figure 5.2 and 5.6). Devonian sandstones from the Koshbashi and Kojildukir massifs 
(samples SH9 and SH11) in the same area, were also sampled for AFT analysis. 
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The Middle-Palaeozoic Ulagan-Erinat ophiolite marks the southern suture between the WS terrane 
and units from the Altai-Mongolian microplate sensu stricto. It is displaced by the Late Devonian-
Early Carboniferous TB and Shapshal fault zones (figure 5.2). 
 
In the Chiri series, at the base of a lens-shaped fault, the so-called Chiri “loupe” (figure 5.4) 
pseudotachylites have been discovered (Sintubin et al., 1995; Theunissen et al., 2002). The Chiri 
loupe is a curvilinear fault segment of the TB shear zone. It is hitherto not clear whether or not these 
pseudotachylites are related to the evolution of the Teletsk basin. They might represent cataclastic 
downfaulting along the Chiri loupe during the opening of the graben. The Chiri loupe forms the 
southeastern border of the Teletsk basin and seems to render the basin a half-graben morphology 
with the Chiri loupe representing a listric fault along which the bordering basement block is 
downfaulted and tilted towards the lake (profile “D” in figure 5.3 and figure 5.4). Seismic reflection 
data from the lake, however, reveal a typical full-graben morphology with two converging bordering 
normal faults and symmetrical sediment distribution (figure 5.9) (Seleznev et al., 1995 and 2001; 
Dehandschutter et al., 2002). 
 
 
Figure 5.9: E-W seismic sections showing the full-graben morphology of two 
converging border faults and symmetrical basin infill of the Teletsk graben 
(from Dehandschutter et al., 2002). Top: section from the southern basin of the 
Teletsk graben, top sediments are undeformed. Bottom: section from the 
northern basin of the Teletsk graben, top sediments are clearly deformed. 
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The final closure of the Western Palaeo-Asian Ocean (WPAO) in the Permo-Triassic as a result of 
the collision of the Siberian orogenic rim with a combined Kazakhstan plate (chapter 4), induced 
dextral strike-slip and thrust displacement along the vast West-Sayan (WS) fault zone and associated 
structures. These movements led to the GA-WS juxtaposition as it appears nowadays (Buslov et al., 
2003). Thrusting of the WS terrane along the Teletsk Unit triggered the formation of small thrust-
related intramontane basins and subsequent Permian molasse infill (figure 5.7). The presently 
reactivated sinistral WS fault zone forms the boundary between the GA and WS terranes in the 
northern part of Teletskoye basement. It is one of the most important structures of the northern Altai 
and even of the entire CADZ (Şengör et al., 1993). The shear zone is traceable over a distance of 
more than 1000 km, linking up with the Baikal Rift Zone in the east. It is exposed as a 6 to 8 km 
wide active fault zone. As it cuts the TB and Shapshal fault zones in the northern Teletskoye 
basement, it is clearly of younger age. In the same area where the WS fault zone cuts the TB and 
Shapshal structures, the WS fault also intersects the Kuznetsk-Alatau (KA) fault zone (figure 5.2). 
These vast shear zones are long-lived, multiphase reactivated structures of major importance to the 
tectonic evolution of the area. They represent major Palaeozoic sutures and may crosscut the entire 
crust and even parts of the lithospheric mantle. Dehandschutter et al. (2002) demonstrated their 
importance for the development of the Teletsk graben. 
 
 
5.1.2.2. The Mesozoic 
 
In general, the Teletskoye region is thought to have been tectonically inactive during the Mesozoic. 
Mesozoic tectonism was limited to adjacent regions as was outlined in the previous chapter. 
Nevertheless, the presence of a small Jurassic intramontane basin about 25 km southeast of Lake 
Teletskoye indicates that at least some activity was taking place during that time. Also, several 
Triassic-Jurassic granitoid intrusions occur in the direct vicinity (figure 5.2). In addition significant 
thrust movements may have occurred along the KA fault zone, in the Kuznetsk basin, north of the 
present-day Altai deformation front (figure 4.16). The broader tectonic framework in which these 
events took place is not exactly understood, but they could represent a complex interplay between 
active continental rifting in the West Siberian Basin and major compression induced by the Mongol-
Okhotsk orogeny (as thought by Buslov and Sintubin, 1995). Moreover, active Cenozoic deformation 
could have erased any existing geological record from the Mesozoic reactivation episode. A 
widespread Cretaceous-Palaeogene peneplanation surface is however clearly recognized in the 
Teletskoye area as well (figure 5.6 and 5.10) (Deev et al., 1995). 
 
 
5.1.2.3. Cenozoic reactivation 
 
During the Cenozoic, at the beginning of the India/Eurasia continent-continent collision, the Altai 
mountains were reactivated, as the stress and deformation propagated through the crust of the CADZ. 
This reactivation preferentially occurred along older inherited structures. The Pliocene and 
Quaternary are particularly characterized by an intensified tectonic activity (see chapter 4). 
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 igure 5.10: Neotectonic features of the Lake Teletskoye basement (from Dehandschutter et al., 2002). 1: recent faults; 2: 
sohypses of the Cretaceous-Paleogene peneplanation surface; 3: fault bounded blocks with nearly flat summits; 4: sediment 
ccumulative surfaces of downfaulted blocks. 159
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Probably during the Middle Pleistocene and up to recent times fragmentation and vertical 
displacement of a widespread pre-Cenozoic planation surface reached 600 m in the northern part of 
the Teletskoye region and up to 3000 m in the south (e.g. Deev et al., 1995). Remnants of the 
planation surface still exist (figures 5.6 and 5.10) indicating that the Pliocene to Recent uplift has not 
been accompanied by extensive Pliocene or Quaternary denudation. The active tectonics of the Altai, 
and specifically the Teletskoye region, were studied in detail by Delvaux et al. (1995a), 
Dehandschutter et al. (1997), (2001), and (2002), and Dehandschutter (2001). From these studies, it 
is clear that inherited basement structures play an important role in the neotectonic activity in the 
Teletskoye region. 
 
In general, the present day mountainous relief in the Altai region began to form in the Late Pliocene 
as a distant result of the India/Eurasia collision (Delvaux et al., 1995c; Dobretsov et al., 1996). In the 
Teletskoye area, the recent reactivation of the TB shear zone is evident from the occurrence of a 
Quaternary, unconsolidated tectonic breccia (figures 5.7 and 5.8). The breccia contains rock 
fragments from the adjacent Altyntauss Massif, as well as from the bordering turbidites. Also 
reworked Devonian rocks from the TB shear zone (mylonites, migmatites e.g.) are found. Another 
marked example of a Quaternary unconsolidated breccia is found at Cape Airan of Lake Teletskoye, 
were it was formed syn-kinematically with movements along the WS fault zone in the early stages of 
the tectonic formation of the basin (figure 5.11). The recent tectonic activity is thus also expressed as 
a sinistral reactivation of the WS fault zone and as a dextral and reverse reactivation of the Shapshal 
zone. Dehandschutter et al. (2002) have shown that the area is subjected to an overall transpressional 
stress regime, which is in agreement with observations elsewhere in the Altai and adjacent regions 
(Cunningham et al., 1996a and 1996b). The fault zones are highly fractured melange zones, 
consisting of a heterogeneous aggregate of various rock types, originating from adjacent formations. 
Hus et al. (1999) and Dehandschutter (2001) showed that active faults around Lake Teletskoye can 
be identified from radon emanation profiles taken across the fault traces. The WS fault zone seems to 
delineate the active tectonic zone. North of this fault zone no major tectonic activity is recorded, and 
the area consists of low hilly foreland (Kuznetsk, Salair, Gorny Shoria areas) progressesing into the 
flat West Siberian Basin. 
 
The Teletsk basin (figure 5.1) is composed of three sub-basins, a southern and northern part within 
the Teletsk graben proper, and an E-W trending northern zone which is separated from the N-S 
oriented graben by the submerged so-called Lepnova ridge, running parallel to the WS fault on shore 
(figure 5.5). Hence the Kuznetsk-Alatau fault intersects with the WS fault. The southern basin is 
almost completely filled with sediments deposited by the Chulyshman river. The northern Teletsk 
basin exhibits a markedly deformed basin floor morphology, effectively producing a set of smaller 
sub-basins in the northern section, while the E-W basin is characterized by a complex horst-graben 
structure. The Teletsk basin has a full-graben morphology, but seems to evolve into an incipient half-
graben along the listric Chiri loupe fault. Sediments in the northern sub-basin are clearly deformed 
even in the upper section, while in the south the youngest sediments remain undisturbed. This 
indicates that an older deformation phase occurred in the southern sub-basin while a younger, still 
active phase affects the northern sub-basin. 
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Figure 5.11: Recent tectonic fault breccia at Airan Cape, Lake Teletskoye. Top: view of
Airan Cape from South to North. Bottom: view of Airan Cape from West to East, with
indication of the Devonian basement and its fragments within the Quaternary loose
breccia. 
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Dehandschutter et al. (2002) propose a two-stage formation history of the Teletsk graben (figure 
5.12). In a first Quaternary stage (Q1), lateral slip along the transpressionally reactivated (Shapshal 
and Teletsk related) faults in the Kyga area and along the WS and TB shear zones induced the initial 
opening of the southern and northern Teletsk basins respectively. As mentioned before, the graben of 
the southern basin developed within the TB zone itself. The WS fault controlled the opening of the 
northern basin. The second phase (Q2) is of Holocene age and is characterized by a pure extensional 
tectonic regime as the WS and GA terranes are moving in opposite sense due to sinistral movements 
along the WS zone and dextral movements along the Shapshal fault zone. The latter fault zone is one 
of the most seismically active zones in the Altai Mountains today (Zhalkovskii et al., 1995; 
Dobretsov et al., 1996; Lukina, 1996). 
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Figure 5.12: Formation model of the Quaternary Teletsk basin (after Dehandschutter et al., 2002). In a first phase, Q1, 
opening of the southern basin occurred due to reactivation of the Shapshal and Teletsk-Bashkauss shear zones with 
extension within an accordingly created pull-apart structure. Northern sub-basins opened by contemperaneous reactivation 
of the West-Sayan shear zone, also with extension in a pull-apart setting. A second phase, Q2, saw the final opening of the 
Teletsk basin by rapid E-W extension. 
 
 
The present-day geomorphology of the Altai Mountains in general and the Teletskoye region in 
particular is clearly shaped by the Pleistocene glacial climate (figure 5.6) (e.g. Vysotsky, 2001). 
Recent tectonic activity is demonstrated by the fact that associated structures crosscut and displace 
several glacial landforms such as glacial cirques and morraines. Bobrov et al. (1999) and Kalugin 
(2001) constrained the modern sedimentation rate by means of 137Cs markers in the sediments from 
the 1950’s nuclear tests in the region to ~2 mm/a in the northern Teletsk basin and ~8 mm/a in the 
south. Extrapolation of these rates gives a rough estimate of the onset of sedimentation in the basin. 
This would have happened around 400 ka, while undisturbed sediments in the southern basin 
constrain the age of deformation of the southern basin to 50-75 ka. Pleistocene climate oscillations in 
the Teletskoye region have been recorded in the lake sediments by Goldberg et al. (2001) and by 
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geomorphological analysis (Deev et al., 1995; Vysotsky, 2001). Nowadays the continental climate in 
the Teletskoye region is greatly influenced by the presence of the lake and is termed a limnoclimate 
(Selegei, 2001a and b) with mean summer temperatures between 15 and 16°C and mean winter 
temperatures around –8°C. Mean precipitation values amount to more than 850 mm/a. Duchkov et al. 
(1995) and (2001) investigated the heat flow beneath Lake Teletskoye and concluded that the low 
values are within the range normally found in undisturbed basement and do not correspond to an 
actively developing rift. 
 
 
5.1.3. Available geochronological information 
 
K-Ar and Ar-Ar ages obtained on biotite and amphibole from the Altyntauss granite (AFT samples 
TEL 101 to 112, GA 32 and AL 272) range from 352 to 390 Ma. They are interpreted as reflecting 
the emplacement and cooling of the plutons in the Early to Middle Devonian. This probably occurred 
in the active Siberian margin setting (Buslov and Sintubin; Buslov, 1998; Smirnova et al., 2002). 
 
Biotite and muscovite K-Ar and Ar-Ar ages from the Chiri series schists fall between 352 and 318 
Ma and reflect Early Carboniferous post-metamorphic cooling and exhumation of that part of the 
Teletskoye basement (Dehandschutter et al., 1997; Buslov, 1998; Smirnova et al., 2002). A young 
age from an actinolite sample from the Chiri series of 260 Ma was interpreted by the authors to 
represent a Permian thermal overprint due to the tectonic activity induced by the complete closure of 
the Ob-Zaysan branch of the Palaeo-Asian Ocean. 
 
Biotite and muscovite K-Ar and Ar-Ar analyses from samples within the Devonian tectonic breccia 
of the TB shear zone yield ages between 325 and 350 Ma, and are representative of the period when 
the shear zone was active (Buslov and Sintubin, 1995; Dehandschutter et al., 1997; Buslov, 1998; 
Smirnova et al., 2002). 
 
 
5.2. The South Chulyshman Plateau 
 
The Chulyshman river flows into the southern Teletsk basin. The river originates in the Dzhulukul 
basin (section 5.3). In between, the river cuts the so-called Chulyshman Plateau or Chulyshman 
Highlands (figure 5.2 and 5.13). This part of the Russian Altai Mountains formed a part of the Altai-
Mongolian microcontinent when it collided with GA and the Siberian active margin in late 
Devonian-Early Carboniferous times. It is situated to the south of the GA terrane, south of the 
Ulagan-Erinat ophiolite complex, together with which it was displaced by Hercynian strike-slip 
movements (figure 5.2). It is mainly composed of Riphean turbidites, greenschists and gneisses and 
is intruded by Middle Palaeozoic granite-gneiss domes (figure 5.2). Both the strike-slip motions and 
the intrusional magmatism are correlated with the collision. In the Late Cenozoic, probably since the 
Pliocene, the region, along with the Dzhulukul area has been reactivated by wrench deformation, 
contractional uplift and extensional basin formation (Dehandschutter, 2001). 
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